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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nucleic acid (D.N.A.). 'This
structure has novel features which are of considerable
biological interest.

J. D, WaTson
F. H. C. Crick
Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systeras,
Cavendish Laboratory, Cambridge.
April 2.
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Examples of chiral substances. (a) Schematic of d and 1 quartz. (b) Sodium chlorate crystal, and (c¢) D (upper) and L (lower) alanine. In (b), d and 1
crystals are differentiated by their color under polarized light.
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More Is Different

Broken symmetry and the nature of
the hierarchical structure of science.

P. W. Anderson

SCIENCE

The chemists will tell you that ammonia

. "

1s” a triangular pyramid

N () _
H (+)
A l+ H
(+) H Ht)

with the nitrogen negatively charged
and the hydrogens positively charged,
so that it has an electric dipole mo-
ment (u), negative toward the apex of
the pyramid. Now this seemed very
strange to me, because I was just being
taught that nothing has an electric di-
pole moment. The professor was really
proving that no nucleus has a dipole
moment, because he was teaching nu-
clear physics, but as his arguments were
based on the symmetry of space and

time they should have been correct in
general.



Hund's Paradox: molecules and
solids built by Coulomb interaction 2
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Zur Deutung der Molekelspekiren. III.

Bemerkungen iiber das Schwingungs: und Rotationsspektrum
bei Molekeln mit mehr als zwei Kernen.

Von F. Hund in Gottingen.
Mit 7 Abbildungen. (Eingegangen am 28, Mai 1927.)

Im Falle, daB eine vier- oder mehratomige Molekel zwei spiegelbildlich gleiche
Anordnungen tiefster potentieller Energie hat, sind diese in jedem stationiren
Zustand in gleicher Weise vorhanden. Dem Ubergang aus der einen Anordnung
in das Spiegelbild entspricht eine Frequenz. Diese Tatsache steht mit der
Existenz der optischen Isomere nicht im Widerspruch. Die bei gleichen Kernen
auftretende Einteilung in nichtkombinierende Termsysteme ergibt sich fiir die
Schwingung durch Betrachtung der Normalkoordinaten; fiir die Rotation folgt sie
aus den Eigenschaften der Eigenfunktionen des Kreisels.

Wir konnen also sagen: Wenn bei einer Molekel zwei ein-
ander spiegelbildlich entsprechende und verschiedene An-
ordnungen der Kerne méaglich sind, so sind die stationidren
Zustinde nicht Bewegungen in der Nihe einer der beiden
Gleichgewichtsanordnungen. Jeder stationire Zustand ist
vielmehr aus Rechts- und Linksanordnungen gleichmifig zu-
sammengesetzt. Bel den hiher angeregten Schwingungen ist die mitt-

Leipzig 1929-1946



Hund's explanation

|R),|L) harmonic oscillator states
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"spontaneous symmetry breaking"



Tabelle 1.

1R Tt T
10 2.4 . 104 8.10710 gee 3E
20 3,8.108 10-5 sec b —2./2mE, a/h
30 6,9 . 1012 0,2 sec () ~ T € /
40 1,3 . 1017 1 Stunde
50 2,9.102% 3 Jahre:
60 5,2 .10%0 6. 10% Jahre
70 1,1. 1099 102 Jahre
100 ¢
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g I5NH,
g 10F
c
Q
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inversion g 135ND3
splitting o= 1
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2nd paradox: why don't we observe the ground state?

Coupling to the environment: photons, gas atoms,...

d(t) = /O dt'z(t)A(z,t)
t/T

Az, t) =k Y 6(t —t;) cos(kx — a;)

t/T
Or — O, = ZZCOS a; cos(ka)
/ in(ka)|?
(@r() = o)) =20t Aaee = )

5
thermal photons Adec ~ a°0¢C (RSCT)



Time evolution: description by density matrix
1 . . . .
p:§(1+py0y+pzaz)a Py = PRL — PLR Pz — PLL — PRR

ip=[H,p] Py ="Adecpy = {2p:

Harris and Stodolsky 1982

Trost and Hornberger (2009) D5S5 in He:

0~ 176 s71, Adee = 9 x 107 71

Figure 1. Dideuterium disulfide exists in left-handed (left) and right-handed (right)
forms, thanks to its spatial arrangement of deuterium atoms (blue) and sulfur atoms
(yellow). In principle, D,S, can also exist in a superposition of the two isomers (mid

dle). (Adapted from . Thanopulos, P. Kral, M. Shapiro, J. Chem. Phys. 119, 5105, 2003.)




Motivation S—

JOURNAL OF APPLIED PHYSICS

Imaging spiral magnetic domains in Ho metal using circularly
polarized Bragg diffraction

J. C. Lang, D. R. Lee, D. Haskel, and G. Srajer
Advanced Photon Source, Argonne National Laboratory, Argonne, llinois 60439

(Presented on 6 January 2004)

We have used circularly polarized x rays to image the spiral magnetic domain structure in a single
crystal of Ho metal. In these structures, the magnetization direction rotates between successive
atomic layers forming a helix. At magnetic Bragg diffraction peaks, circularly polarized x rays are
sensitive to the handedness of such a helix (i.¢., either right or left handed). By reversing the helicity
of the incident beam with phase-retarding optics and measuring the difference in the Bragg
scattering, contrast between domains of opposing handedness can be obtained. © 2004 American
Institute of Physics. [DOI: 10.1063/1.1688252]

VOLUME 95, NUMBER 11 1 JUNE 2004 N \/
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Motivation

How do the domain walls look like?

Neel wall Bloch wall (Bloch 1932)

|5



Time reveral symmetry

Time reversal transformation:

t = —t
TE =E
TB=—-B

VE =p
VB =0
1.
VxE=-B
C
1 1 .
VxB=-3+-FE
C C
mi = eE + i x B
C
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Fe Ge
centrosymmetric crystals: non-centrosymmetric
space group contains crystals:
Inversion center space group contains no

Inversion center



) Rare Earth Elements

CCHTPOsymmCTr’lC CI"YSTG'S LalCe P[‘Nd Pm smlzu mm;m : rmIVb Ik
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Lanthanides
H He
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Th, Dy, Ho :

RKKY interaction —
frustration — helical structure
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both right-handed and left-handed helices appear!



Centrosymmetric Crystals: Model

J 6?
H = — / { — —(&UmL)Q -+ az(@imLf + (Vj_m)Q +

= |m | (e cos qx + xessin gx) + (|msz|es

m = m(ﬁa 90)

J 1
H=§/d3r{s&i+i(%—9) (o +0)" + -

2

J v !
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x = 1 chirality
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JOURNAL DE PHYSIQUE Colloque C6, supplément au n° 8, Tome 39, aout 1978, page C6-1450

SOLITONS IN LOW TEMPERATURE PHYSICS

K. Maki

Department of Physice University of Southern California,Los Angeles, California 90007, U.S.A.

Résumé.- Les solitons sont des solutions spéciales des équations nonlinéaires. Ils sont des objets
localisés qui se comportent comme des corpuscules classiques. Les solitons paraissent jouer un role

de plus en plus important dans la physique des basses tempé&ratures.
Ielé




Classification of defect structures according to
homotopy groups :

Toulouse & Kleman (1976)
Volovik & Mineev (1977)
Mermin (1979)

Degeneracy space R,
Consider mapping of a subspace V; of R on R

Ensemble of equivalent mappings: homotopy group 7;(R)

Example: Ising domain wall, o (R) — 22 o T o ¢




Defects: vortex line perpendicular and parallel to helix

s NS (@

e—

FeGe, Tokuraet al.,08 @ degener'acy space
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Very different from Bloch or Neel walls!




Defects: domain walls

Hubert walls Vortex domain wall
perpendicular to helix parallel to helix

path in real space
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Centrosymmetric Crystals: Topological Hall effect™

*Ye, Kim, Millis, Shraiman, Majumdar, and Tesanovic

Electron Electrons moving adiabatically in exchange field
of magnetization experience Berry's magnetic field
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Centrosymmetric Crystals: Topological Hall effect™

force on vortex line p = ms0 105jm_2 Nm
f=1ixe . | B
cJ 308 pe = JOn;a /6 ~ 055% tgrrem—s Nm ™

Jem 610" Am 2 m3=1 : Meron
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Centrosymmetric Crystals: Domain




Non-Centrosymmetric Crystals: systems and model

Rare Earth Elements E G M . F C .
La|Ce Pthd Pm SmlEu Gd Th|Dy|Ho| Er Tm|Yb Lu FeGe nS" e1-xC0oxSl
57 |58 | 59 | 60 |61 [ 62 |63 |64 | 65|66 |67 |68 |69 7| N
Lanthanides
! = Heisenberg-spins + weak cubic anisotropy
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Dzyaloshinskii-Moriya interaction ~ gM; X< M;

ans—J/a/d3r{(Vm)2+2qm-[V><m]+v mi}

(87

v = O(q") m(r) = e1cosp(r) + g Vi x ersinp(r),



0 (no point defects)

73(R) = Z (non-trivial texture)

7T2(R)

R = SO(3)/Zs

ine defects)

1 (R) = Z4 (stable |

1

e
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G.E. Volovik, V.P. Mineev, 1977, "Investigation of singularities in superuid 3He

and liquid crystals by homotopic tfopology methods," Sov.Phys. JETP 45 1186 - 1196
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Non-Centrosymmetric Crystals: Hubert walls

Domain wall bisector to



Domain wall is not bisector to the wave vectors of the adjacent domains
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Numerically calculated vortex domain wall

Vortex domain walls much heavier than Hubert walls,
may decay in zig-zag structure of vortex-free domain walls



Real-Space Observation
of Helical Spin Order

Masaya Uchida,™* Yoshinori Onose,*t Yoshio Matsui,” Yoshinori Tokura®>*




FeGe, Uchida et al. 2008




Weak pinning : Basics

Pinning by randomly distributed impurities

Aw.r‘-_(x‘z)

L

Nimp
Himp = Z /dZCUimp (€ — Cirul(C) — z4)
‘———\/‘— =1

-—a— Pinning force due to impurity it f, = 57;;@
0 = 7’

Total pinning force on rigid wall

Nimp

Z fz ~ ——‘f’ (LZanimp)1/2 ~ L
1=1

Total driving force on rigid wall ~ [,2

=> no pinning of rigid walls |

36



Weak pinning : Basics

=p» domain wall has to adopt elastically
to pinning forces

Energy of elastic distortion u

o 2
Eelast ~ L™u

short range elasticity & = ()

On scales L> L, ~ (J/|fpin|)t/ 7
the domain wall decays into
individually pinned regions

; Felast ~ JL%u 5
. L
Fpin ~ JLp’Ln (Lpzn>

)L 37
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Elasticity of Hubert wall PRSP
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AAAAAAAAAAAAAAAAAAAAAAA

L,

H=1 / d*r {soi +0%pa — A(r)]” + g%w} SODbLbLbbPLPPPRPRILR

2333233 323333333 333343
AR R R R R R R EE R R ERERRRRRR R

buckling (no vortices)

0 u(C)
solution of saddle point equation
QO(I') :/ dx/A(ml) _q/ 6z’kC—|k||:E|/9uk
0 k

long range elasticity | Eojqe ~ J|0]° Z k||luk|® ~ L
k
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Weak pinning - the real thing:
Functional renormalization group

(f(Cu)f(¢ ') =6(¢C—¢)Ao(u—u)

fpin — —A{)(U — ::O)Q(O)

dAp(U) dQ

= C@Ag(u) 2A4(0) — Ay(u)]

develops cusp at £ = a exp|1/(6¢cqo)]

647.J|6|3
FUD 3| |

pin

exp[—c1/(]0]°Cimp )]
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Bulk pinning of Hubert walls

weak in plane anisotropy

veos(pp) —  O(z) =0 [1 — (v/6%) sin p(qx + 900)}

/////////////

H .bulk
flg bulk) 7,42

in imp

40

L./(m*a*|6]°).



Conclusions

Chiral molecules and solids are the result of spontaneous symmetry
breaking and/or decoherence effects.

Chiral magnets exhibit broken time and space inversion symmeitry.
These symmetry breakings can appear sequentially or simultaneously.

Topological defects in chiral magnets are vortices, domain walls and
skyrmion lattices.

Domain walls in helical magnets are always two dimensional textures

(vortex lines), in contrast to Bloch or Neel walls, with the exception of
special orientations (Hubert walls).
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