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ABSTRACT

A new spintronics device with noninteger coding for information storage and processing is proposed. The device
is constructed of paired trinucleotide sequences wound around the carbon nanotubes. The noninteger coding,
working with a base of natural logarithm e, assumes operation with e-bits and e-bytes. These bits and bytes arise
automatically in paired nucleotide sequences with strong spin-orbit and hyperfine coupling. The electron motion
along the curved chains of trinucleotides (Spin Hall Effect upon alaser excitation), e-bits, changetheir spin polariza-
tion. Signals are read out as phase shifts between the changed and unchanged spin orientations. The device is

highly speedy and principally may operate at 100 GHz or higher.

INTRODUCTION

Through thousand and thousand years of evolution
the genetics has devel oped the unique code*? that is
still shrouded in mystery until now. According to many
views,? thiscodeisperfect and might servethebasis
for constructing anew generation of computers?.

Any computer initidly suggestsitsnumera bassor
aminimal digit system it operates with®, Today we
know twointeger digital systemsthat generate many
others(adecimd e.g.) —a two-digital system (a binary
code) and athee-digital system (aternary code).

A two-digital system dominates now on the com-
puter market. Every notebook or smartphone operates
withtwodigits—“1” and “0”. A wide-spread use of the
two-digital systemisobviousasthecurrent electronic
materialS° easier employ “1”” and “0” signals to con-
struct of them bytes.

However, there was athree-digit computer (ter-
nary computers) that operated with trits(“0”, “1”” and
“2”or “-17,0”, “1”) and trytes (analogue to bytes in
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thetwo-digital system). Electronically based ternary
series of computers under the name Setun (after the
name of the river that flows into the Moscow river
nearby the placewherethe Moscow University islo-
cated) wasoriginally manufactured inthelaboratory of
N. Brusnetsov in Moscow State University (1958).68
In the U.S. the ternary computer Ternac was devel-
opedin 1973. Theternary computer hasan advantage
over thebinary computer inanumber of factors: (thisis
not surprising becausethe binary constructed manifold
isasubspace of theternary manifol d®), amongwhich
arehigher computer performance, higher imageresolu-
tion, extensivelogic, and the codeinformation dengity/
storage (d) that obeysasimplerelation (1)
d=Ingle (@]

Heree isthebase of anumeral system. From (1),
d reaches its maximum at ¢ = e (the base of natural
logarithm).

Thebinary andternary information codingisinte-
ger. We know however that the most efficient system
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pertaining to signal acquigition, storage and representa:
tion assumes the number e that is noninteger. The
noninteger digita system operatingwith thenumber eis
only startspavingitsway. Theway however ishighly
promising making computations much speedier.
Likeeach computer, the noninteger computer op-
erateswithitsspecific bytes(inthebinary sysemthisis
byte, in the ternary computer this is tryte, in the
noninteger computer thisise-byte, or Berry’s byte).
e-bitise=2.71828
e-byte(Berry’stotal byte) ise*=23.10
Wheredoes 7zcomefrom?ThisisBerry’s phase aris-
ing whenthesignal makesatota turnaround aclosed
curved loop,™ primarily onthe Poincare sphere.
Thenoninteger algebraisnot properly devel oped.
For instance, thisisdifficult to understand what facto-
rial eiswhileitiscommonly knownwhatisn! (nisan
integer number). In the noninteger mathemati cs how-
ever it isaccepted that the factorial operation isthe
raiseto power of thenumeral base, in our casethisis
the number €,

AIM OFTHE PAPER

The paper amsto devel op anew computer device
that operateson anoninteger base. Thebaseisthenum-
ber e. Thedevice offersahigher speed, compact infor-
mation storage, and better image clarity than commonly
used computers. Thedeviceisoperating on the Spin
Hall Effect that isapplicableto apaired trinucleotide
segquence wound around the carbon nanotube.

The paper isarevol utionary breakthroughinto cre-
ation of noninteger chipsof biological origin, possess-
ing reproducibleand stablesignds. Thedeviceisbased
on reading out spin phases arising upon the electron
motion along acurved trinucl eotide (e-bit) sequences.
Thephaseisdetected through arotating spinlaser beam.

The phase energy accumulation resultsfromlarge
spin-orbit and hyperfine coupling™. Thelatter occurs
thanksto repeatedly embedded spin-active 3P (phos-
phorus) atomsin the polynucl eoti de backbones. The
phaseisnon-dissipative, asit isin quantum computers,
and changesitsvaue upon thetransfer from one®Pto
another. Thetotal turn over the closed loop ontheRi-
emann manifold (thisisjust apaired polynucleotide
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chain) returnsthe phase 7 (Berry’s phase).
Thedeviceisnot agquantum computer asitis, but
exploitsthee ementsof quantum computing, including
electron and nuclear spin.
Below wegive brief informati on about the effects
used inthedevice construction.

THE BACKGROUND OF THE SPIN-ORBIT
AND HYPERFINE COUPLING

Spin-orbit coupling (SOC)

Unlikethe Zeeman effect, which suggeststhe ex-
ternal magneticfidd, the SOCisan externa property
of any atom, molecul e, nanosca e cluster, or semicon-
ductor, including quantumwiresand dotg'3. The SOC
isarelativistic effect. It resultsfrom interaction of the
el ectron magnetic momentswiththemagneticfid d gen-
erated by their own orbital motion. The SOC splitsen-
ergiesof themolecular cluster that initialy possesses
equal energies(theFemi energy level, €, or thehighest
occupied energy level). Themost important thing of the
SOCisthat it could change the spin phase. Depending
onthestructure, the SOC energy variesinaregion 0.02
— 20 cm that is detectable by modern optical tech-
niques.

Hyperfinecoupling (HFC)
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Figurel: TheSHE on asemiconductor surfaceinthevicinity
of theFermi energy level. Green ballsarehypothetical elec-
trons

flano Science and flano Technology

—— e T ot



412

A new spintronics device with noninteger coding

NSNTAIJ, 8(11) 2014

Full Paper ==

g
P
;l:i N ,--""‘HRN o
free valence bond — P —0 0 base (adenine)
T
H H
OH OH
(H)

Figure2: Adenosinemonophaosphate (ribonucleotide; RNA molecules). Deoxyribonucleotide (DNA) differ sfrom the shown
structureby replacing theright OH group by theH atom (shown inred). The sequence appear sthrough adding nucleotides
(thenatureoffersonly four nuclectidesdiffering by their bases: adenine, guanine, thymine(uracil in RNA), cytosine) toafree
valencebond (l&ft) of theP atom. Thesequenceisnor mally twisted. The P atom cr eatesthe hyperfineinteraction, seethetext

TheHFC istheinteraction of anuclear spinwith
the electron spini*3, The effectismuch weaker than the
SOC —two-five times in energy. Not every atom pos-
sessesthenuclear spin. Biology however offersthis
atom, 3P (phosphorus), that shows a100% abundance
of nuclear spin. 3P atomsaretheintegrable part of any
pol ynucl eotide backbone*2.,

Thespin hall effect (SHE)

The HFC is atransport phenomenon predicted
by M. Dyakonov and V. Perel in 197113224, Tt consists
of the appearance of spin accumulation on the lateral
surfacesof an electric-carrying sample; the sign of the
spin directionsbeing opposite on the opposi ng bound-
aries. Inacylindrica wire, the current-induced surface
spinswind around thewire. When the opposite current
occurs, spinsgainreversa. The SHE needsno externa
magnetic field. Thespin accumulationinduces circular
polarization of theemitted light as well as the Faraday
(or Kerr) polarization rotation of thetransmitted (or
reflected) light, which dlowsresearchersto monitor the
SHE by optical means. Figure 1 shows the SHE for
two arbitrary electronstreated asclassical rotating balls.
Itisnecessary to emphasizethat the el ectrical current
might be replaced by any laser impact or heat.

Theberry phase
The HFC isthe geometric phase that arisesin a
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curved space (the Poincare sphere, .g.). In e ectro-
dynamics, the Berry phase ¢, isal-form of thevector
potentia A

d
DA

JC : @

A, isanumber of parameters(normally theseare
coordinate displacementsfrom point to point on the
manifold); Cisaclosedloop, and Fisadifferential of
A; normaly ¢, = (1-cosf/2)“. Thefull turn over the
loop returns ¢, = zthat correspondsto aspin rever-
«.

The Berry phase allows usto createanumber of
statesdifferingintheangleof polarization. Thiscomes
fromtheability of thevector potentid undergoesagauge
transformation whenA isidentical toA+Vy.
A—>A+Vy ©)

Vyisagauge; intraditional €l ectrodynamicsyis
electrostatic potentia that differsfrom point to point.

Inagreement with e ectrodynamics, thevectorAis
associ ated with the appearance of magneticfield B =
VxA. ThisB affectsthe strength of SOC and HFC.

Ar=g 40
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Figure3: Arealigic codon (rC-r G-r A)-anticodon (r G-r C-r U) sequence comprising threenuclectidesfrom both sdes(tradi-
tionally thenumbering of baseson both backbonesisopposite). Hydr ogen bonds, H-bonds, (seethetext) detain both sequences
together; they arenot displayed and could extracted from manual on biology or on thelnter net. Yellow are P (with spin
abundanceof 100%) atoms; bluear e car bon atoms, dark bluear enitrogen atoms,; Hydr ogen bondsbetween basesar e not
displayed. A sequenceof threebases(they arepaired with those of the codon; for m the noninteger computer base
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Figure4: A smplified pictureof that shownin Figure2. Gray thick linesindicatethe backbonesof thecodon and anticodon
(thetwist isnot shown). Thin vertical linesstand for hydr ogen bonds(H-bonds) —threelinesfor rC-G and rG-rC and twolines
for rA-rU (theWatson-Crick pair rules). TheV istheelectrostatic potential that keepsthelayer stogether

shows apolynucleotide chain wound around the CN
(physically, thisisatopological insulator;*% 2,2 nm
long). H-bonding arises automatically between two
correctly aligned (base-to-base correspondence) poly-
nucleotide chains. Polynucleotidechainsof desired se-
quencearenow routingly synthesizedinchemica labo-
ratoriesthrough theworld. CN supportsand polynucle-
otidewindingaroundthemisnow cregtedinmany chemi-
cd |aboratories, likeours, using standard protocolsand
tunneling microscopetechnique.

A digtinctivefeatureof thedeviceistheenergy equd-
ity of two highly occupied dectrons, whichfill the Femi
level (seeabove). Theequality isreached by varyinga

THE DEVICE DESCRIPTION

Thedeviceiscomposed of two hydrogen (H-) bond
paired nucl eotide sequences - codons and anticodons
(each of three nucleotides, Figure2-4), totally 23 (this
ise-byte), — wound around a arbon nanotube of 2nm
thickness (thisisclosetothat inaliving cell)®. The
carbon nanotube (CN) isan excellent support for nucle-
otide sequencesthanksto stackinginteractionsbetween
the nucl eotide bases and carbon rings (CNshavevery
small E, . and E, . compared to thosein polynucle-
otides5cm? (E...) and 0.05 cm? (E._)). Figure 5

SOC) HFC
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Figure5: A polynucleotide chain winded around the carbon
nanotube.  meansthedirection of thelaser beam or charge
current

distance (tunneling microscope) between thecodonand
anticodontriplets, Figure4. Compared with theclassi-
cal Watson-Crick pairs, our distances are longer by
0.17 A (DFT:B3LYP, 6-31G" basiss&t, quantum chem-
istry computationg*®).

Initidly, theelectron spinsontheE andE_ levels
havethe oppositedirections. Upon laser excitation two
electrons becomedistributed over three states— two
excited states, indicated with red arrows, and the con-
ductivity level, Figure6; theamount of each nuclectide
contribution isof no significance becausethreenucle-
otides are required together. The SOC splitsthe en-
ergy of each el ectron (left or right, Figure 6) into the
oppositely directed combination (not shown).

TheHFC inturn splitsthe energy of the SOC sub-

3 -
A (R
— Efrc

~
~
-,

levels. The HFC split could leave aspin unchanged or
reverseit. Everything depends on the strength of the
interaction between the active*'P nuclei and theelec-
tron. If thestrength isnot enough, the spin remainsun-
changed, if yes— the spin alters its orientation. In our
cae(E. . .> B ), wehavetheenergy diagram shown
inFigure6 wheretheexcited stateissinglet (two dashed
red arrows) ™. Theexcited state on theright ispracti-
caly equal tothe energy of the conductivity zone (red
dashedline).

Any computer operates with bytes. To make e-
bytefrom e-bitsitisnot enoughtoraisethee-bitto =
power, seeintroduction. Wehavetolearnthedeviceto
read out spin phasesfrom e-bits, which constitute the
e-byte. Thisiscarried out with aspinlaser usingtwo
beams, passing through two ferromagnet nanometer fil -
ters, Figure4(left), digning thedectronsin oppositedi-
rections (this leads to appearance of thered arrows,
Figure 6). The presence of the conductivity zoneal-
lowstheeectron on theright to moveaongthee-byte
(the paired polynucleotidechain). Thiselectronmotion
changesthe el ectron polarization (eg.(3)) on passing
each e-bit through the HFC.

The read-out process occurs on the x-y plane
(Berry’s plane). This is possible thanks to a famous for-
mulae,™® eq.(4)

e =re 4

Theright part of (4) isamantissaof asparedcircle.
Findly, instead of the e-byte (an upward cylinder with
unknown technical approach of how to read out spin

Figure6: Theenergy diagram of thetwo highly occupied electronsin thevicinity of the Fermi level. Theener gy of thecodon
isequal totheener gy of theanticodon: E =E_=¢_.E_andE, __standfor theenergy of SOC and HFC. Solid arrows(long
initial, shorter arethose on thesplit sublevels) indicatethespinsin low-ener gy states; green arrowsindicatethespinsin the
ground gate. Dashed arrowsindicatepinsin excited states. Red dashed lineindicatesthe conductivity zoneon the polynucle-
otidespiral
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Figure7: Schematic pictureof thesignal read-out process-
ing. Theinner circledepictstherotating read-out beam, the
outer circledepicts“frozen” phases; for detailsseethetext

polarizations) we deal with asmplerotation of thepo-
larization angle along a two- nanometer circle, see
above. Smpligicdly, thisisshowninFigure7. Thedrcle
isdivided into 23 sectors corresponding to e-bits. The
laser beam from thetransmitter with thefixed orienta
tion (Figureb, left energy level) rotatesalong thecircle
filled out with changing orientations of eech sector. This
ispossiblebecausethetransmitter velocity is23 times
higher than that on the e-byte2?,

Signal reading out comes from comparing the
phases. The phase change upon |aser excitation occurs
at 100 GHz and higher. Thisisgreat technical break-
throughin computer operation power.

What wehaveoutlined beforeisthespin laser tech-
nique. Practically, the complex of the laser source
(femtosecond laser at 265 nm) and two filtersdemand
avery low energy and might be highly compact.

The number of e-bytesmight be numerous. First,
thisisachieved through changing nucl ectide positions
intrinucl eotide sequencesand, second, through chang-
ing spinorientation anglesonthefilters. Both gpproaches
aremogtlyidentical.

Thereliability of thedevice preventing decoherence
isachievedthrough selectionrules.
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