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Abstract: Neutral radical molecules as qubit systems for quantum information processing are described and the application
of quantum chemistry methods in search of suitable radicals is outlined. An exemplifying calculation of the relevant magnetic
properties of neutral radicals is presented and the suitability of these compounds as building blocks for a quantum computing

device based on self-assembled monolayer of radicals is assessed.
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1. Intr oduction

Quantum computation and quantum information
principles are developedto accomplishthe informa-
tion processingtask using quantummechanicalsys-
tems. The main challengeon the way to a universal
guantumcomputeris to achiese control over a single
guantummechanicakwo-statesystemwhile preserv-
ing long decoherencémes[1]. Electronandnuclear
spinshave beenidenti ed aspromisingcandidategor
gubitsbecausdhey are naturaltwo-statesystemsand
the decoherencémesfor the spin degreeof freedom
are unusuallylarge. The moleculeswith their widely
varyingpropertieoffer abrightinterestingeld for the
investigationsconcerningelement®f quantumcompu-
tation [2,3]. Among the other systemsproposedso
far, the molecularnanodeices should be one of the
most promisingcandidatesbecausef the possibility
to isolatethem from the environmentand their good
controllability with the well-establishedechniqueof
electronspin resonanc€ESR). Scientistsat MIT and
Los AlamosNationalLaboratorycreateca seven-qubit
guantumcomputemwithin asingledropof liquid [4, 5].
In [6] Bandyopadiay reviews the useof singleelec-
tron spinsfor computationand provides a broadper
spectve pertainingto the useof single electronspins
for logic.

Synthesisandinvesticationsof novel stableorganic
radicals are important for the developmentof spin
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chemistryunderlyingmolecularbasednagneticnate-
rials[7]. Hyper ne splittingswereobtaineddueto pro-
tons of radicalsby solution ESR/ ENDOR (electron
nucleardoubleresonancexndthey indicatedunpaired
electrondelocalization. Thus, the radicalsseemto be
good candidateso generatequbits becausehe four
requirementsfor qguantumcomputationare in mary
casessatis ed: (i) representatiorof quantuminfor-
mation; (ii) performanceof a universalfamily of uni-
tary transformationsyiii) preparationof ducial ini-
tial states;(iv) measuremenbf output results. Re-
cently it hasbeenshavn that self-assemblednono-
layer (SAM) molecularsystemwith unpairedspincan
be usedin quantumlogic devices[8]. Thereit has
beenshavn that a sequencef threeresonantpulses
candrive the SAM molecularsysteminto anentangled
stateandthesestatesare measuredising the oscillat-
ing cantilever drivenadiabatiaeversal(OSCAR)tech-
nique.lt is emphasizethatthemagneticeld gradient
allows one to selectvely excite ary spinin a group.
Roughlyspeakinghe SAM molecularsystemconsist-
ing of neutralradicalsis animportantsteptowardsthe
applicationof long chainsof electronspinsin quantum
computatiorandquantuminformationprocessing.
Theabove-mentionegropersequencef resonance
electromagnetipulseswvould drive all spingroupsinto
the 3-spinentangledstate. However, the long spinre-
laxation times are importantfor the succesof mary
proposedquantumcomputingand spintronicdevices,
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as well as for manipulationand imaging of individ-
ual spins[9]. Moreover, the spin relaxationand re-
latedquantumdecoherenceffectsmay be stronglyin-
uenced by the local electronicervironment. So, the
properchoiceof moleculedor theexperimentaimple-
mentationis a key elementof this stratgy. Hence the
aim of our work is to shav the investicatedradicalsas
goodcandidate$o be usedin quantumcomputations.
The novel OSCARtechniqueasa tool for read-out
of the spin stateshasbeenrecentlyimplementedsuc-
cessfullyfor thesingle-spirdetectior{10]. Theprocess
of spin relaxationin the oscillating cantilever-driven

adiabaticreversaltechnigquein a magnetic-resonance

force microscopy is describedby Bermanet al. [11].
Thetechniqués suitablefor characterizinghespinbe-
haviour with high sensitvity andnanometre-scalgpa-
tial resolution.On the otherhand,it wasexhibitedthat
the self-assemblingnonolayer(SAM) systemscould
be usedto createa macroscopiensembleof quantum
entangledspin groups,asa rst steptowardsthe par
allel guantuminformation processing. The unpaired
electronspin of eachradical (radicalsare in doublet
groundstateS = 1=2) actsas qubit in a spin group
andthe gradientof staticexternalmagneticeld is ap-
plied to spatiallyorderedSAM of radicalsin orderto
separatehe enegy levels of qubitsvia Zeemareffect.
In sucha system,the nonlinearinteraction between
qubits, requiredfor achiezing entanglemenin a spin
group, is provided by a classicaldipole—dipoleinter-
actionbetweerthe spinsof radicalsor alternatvely by
exchangenteraction.Thereareseveral criteriafor the
chemicalstructureof thesemoleculesinvolvedin this
choice: (i) anunpairedelectronicspinrepresentingn
elementaryqubit; (ii) aspeci ¢ groupto provide anat-
tachmenbf themoleculeto a substratén SAM; (iii) a
speci ¢ group or structuralelementsto provide self-
organizationcharacteristics(iv) a large separatiorof
anenepgy level of qubitvia Zeemareffectto lowerthe
decoherencdy) anentanglemenin spingroup.
Hence,in this paperwe exhibit that our suggested
radicalssatisfy the abose-mentionectriteria and con-
sequentlycouldbe appliedin quantumcomputing.

2. Computational methodology

The quantumchemicalab initio densityfunctional
theory (DFT) investications were applied with the
Berry geometryoptimizationto gain chemicalstruc-
tureinformationon anisolatedmolecule[12,13]. Cur
rently, the UB3LYP model is consideredto be the

Table 1. Formation energy per atom of investigated rad-
icals.

Radical Formation energy per atom, eV
1 5.68
I 5.27
i 4.81

mostappropriatenodelto take into consideratiorelec-
tron correlationsin a large open-shellneutralradical
molecule. To obtain the accurateoptimal molecular
geometrieswe usethe 6-311G** basissetwhich in-
cludes(5D, 7F) polarizationfunctions[14]. To anal-
yse the spatialelectronicspin localizationand stabil-
ity at a relaxed moleculegeometry we subsequently
use the extendedEPR-II basisset. The EPR-II ba-
sis set includesthe re-optimizedHuzinaga—Dunning
double-zetd15, 16] basissetsaugmentedvith the ad-
ditional polarizationfunctionsandthe uncontractedn
outercore—innetvalenceregion. Theinvesticationre-
sults applying this basissetin conjunctionwith the
B3LYP functional have beenshavn to closely repro-
ducethe experimentalsplittings of *H, 13C, and **N
in a numberof small- and medium-sizedadicals,al-
thoughfor hydrogenin somecasesthereis no gain
in accurag over a smaller6-31G* basissetof Pople
[17,18]. The radical electrong-factoris investigated
applying the approachpresentedn [19]. Addition-
ally, theresultsof theisotropichyper ne couplingcon-
stantusingthe restricted—unrestricte@R—U) approach
at the DFT level are also presented.In this casethe
BP86 functional with Huz-II basiswith uncontracted
s-functionsandthe additionaltwo tight s-functionsset
is applied.

3. Analysis of electronic structur e in neutral
radical molecules

The views of shortenedneutral radical molecules
are presentedn Figs. 1-3. We mark theseradicals
[, I, andlll. The original namesof theseradicalsare
the following: | is 7-butyl-1-oxa-6-ox0-1,2,5,8etra
hydroantracene-2-carboxylil is 5-metlyl-6-(4-oxo-
2,5-g/clohexodieryl)hexane,and lll is 6-ethyloctane.

It is emphasizedhat all theseradicalsare stable
enough thisis indicatedby an evaluatedvalue of for-
mation enegy per atom (seeTable 1). Firstly, it is
necessaryto point out that all our investicated radi-
cals containa hydrophobictail that can be usedfor
the self-assembleanonolayerformation [20]. These
tails are substitutedoy a —COOH groupthat can pro-
vide thenecessarattachmento the substratdor cases
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X

Fig. 1. View of investigated radical /. The axes show g-factor com-
ponent directions.

X

Fig. 2. View of investigated radical II. The axes show g-factor com-
ponent directions.

X

Fig. 3. View of investigated radical /II. The axes show g-factor
component directions.

Table 2. The largest spin density values obtained in the
investigated radicals. The placement of atom is viewed

in Figs. 1-3.

Atoms [radical Il radical 11 radical
CI 0.45 04 0.97
Cc2 0.31
C3 0.29
(0] 0.34 0.41

of a variety of inorganic oxide materialssuchas alu-
minium oxide [21,22]. So, all theseradicalspossess
thestructuralelementgo provide self-oganizationand
the attachmenbf thesemoleculedo a substrateSAM.
It wasnotedthatthe researclof slightly modi ed rad-
icals (the tail was substitutedby a —CH3; group) was
madeto foreseehow the substitutdn uencedtheelec-
tronic structureof theseradicals.It wasconcludedhat
the electronicstructureof theseradicalswasindepen-
dentof substitutionof their tails aswell astail lengths
[23].

It is no surprisethatin thel andll radicalsthe un-
paired electronis thoughtto reside primarily in the
Y«orbitals of the aromaticrings, which have no spin
density in the plane of the molecule where the hy-
drogennucleusresides[24]. The suggestedIl radi-
cal structureis completelydifferentfrom that of other
radicalsunderinvestigation, thusin this casethe un-
pairedelectronis delocalizecdon C—Cbonds.However,
the spin density distribution in this moleculeis very
promising(seeTable 2). In this casethe highestspin
densitylocalizationis clearly known.
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Table 3. Isotropic Fermi contact coupling constants ob-
tained applying B3LYP EPR-II approach. The place-
ment of atom is viewed in Figs. 1-3.

Atom [radical Il radical III radical
HI —22.58 71.9 106.47
H2 —8.03 70.39 108.88
H3 —17.94 30.26
H4 —14.15 28.33

Table 4. g-factor and its g-shift tensor components of
the investigated radicals.

Molecule g« ,MHz ¢yy,MHz @,;, MHz
1 100 2563 7040
11 2837 189 10450
11 40 495 404

In Table 3, we decomposehe obtainedisotropic
Fermi contactcoupling constants. It is evident that
well-de ned EPR spectralines will be obtainedin
the spectraof theseradicals. Actually it is a sur
prise that the isotropic Fermi contactcoupling values
arevery large, thereforethe parameterfiave beenre-
investigated applying the restricted Kohn—Shamfor-
malismfor the rst orderpropertiesusingthe R—U ap-
proachthat is implementedn DALTON. The results
obtainedby usingtheabore-mentionedpproacheso-
incidewell.

In orderto obtainsomemoreresultsto con rm the
above moleculesaspromisingcandidatesor quantum
computation,the electronicg-tensor which accounts
for thein uence of thelocal electronicernvironmentin
the moleculeson the unpairedelectronscomparedo
thefreeelectron hasalsobeeninvesticated.In thesim-
plestcaseof a free electron,the g-factorhasthe value
g = 2.00232.1n all interestingchemicalapplications,
theelectronis in anatomicor molecularorbital andits
magneticmomenthascontritutions both from the or-
bital andthe spindegreesof freedom.The g-factorde-
viatesfrom thefreeelectronvaluein awaythatis char
acteristicof its ervironment. In addition, the g-value
dependn the orientationof the magnetic elds with
respecto the local ervironmentof the unpairedelec-
tron. Whenbothamoleculeandcreatedeld g-tensors
areknown, it is possibleto choosethe anglebetween
the above g-tensorsin sucha way thatthe spin-dipole
interactionis absent. Thus, the decoherenceés low-
ered. The electronicg-shift tensorcomponent®f the
chosenmoleculesare presentedn Tables4,5. The
g-factorvaluescorrespondo the one of free electron
in the caseof thelll radical. It impliesthatindeedthe
freeelectrondn thisradicalarepresentendit is possi-

Table 5. The g-factor components.

Molecule Ox Oy Oz
1 2.0024 2.00488 2.0094
11 2.0025 2.005 2.0127
11 2.0024 2.0028 2.0027

ble to foreseehatthe orientationof the magnetic eld
with respectto the local ervironmentof the unpaired
electronis not needed.It simpli es the applicationof
electronspinasaqubit.

So,thel andll radicalsunderinvestigation have a
high electronicg-tensorwith largeg.. componenthat
liesin the planeof theseradicals.The placemenbf the
abore components suitablefor EPRquantuncomput-
ing whenthemagneticeld playsanimportantrole. In
both thesecaseshe g,, componengoesout of these
moleculeplanes.andquantumcomputatiorwith spin
qubit without ary dif culty could be performed. The
0. componentiesin thetail of | andll radicalshow-
ever, only in the caseof Il radicalthe abore compo-
nentis the smallest. Suchorientationof the g-tensor
componentsallows us to foreseethat the dif culties
signi cant for the quantumcomputationprospecties,
namely obtainingwell-de ned frequencie®f thetran-
sitions, shouldbe absentin the caseof Il radical, be-
causea x edorientationof theelectronicg-tensorprin-
cipal axeswith respectto the external magnetic eld
will take place.Onthebasisof theseresultsit is possi-
bleto predictthatthell radicalmoleculeis apromising
candidatdor thequantumogicaldevicewhenOSCAR
techniques used.

Thelarge valueof g,,, componenin thetail of the
| radicalmoleculeis not suitablefor the OSCARtech-
nique. Thoughtheradicalcouldalsobeusedasaquan-
tumlogicaldevice,in thiscaset is necessarjo usean-
othertechnique wherethe above g-tensorcomponent
valueis notimportant.

Attention shouldbe paidto Il radicals. All results
indicatethatin this radical a free electronis present.
The g-tensorcomponenvaluescorrespondo thoseof
the free electronand g-tensorshift value components
aresmall. It impliesthatthe Il radicalmoleculeis a
promisingcandidatdor a quantumlogical device.

The optical spectraof theseradicalswere investi-
gatedto seethe separatiorof enegy levels of a qubit
via Zeemaneffect to lower the decoherenceWe pre-
sentedhere only the spectrallines representingthe
splitting due to the Zeemaneffect (Table 6). It helps
to verify the entagledstateof the two-spinsystemdue
to dipole—dipolenteractionbetweerthe spins.
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Table 6. Lines in spectra of the investigated radical rep-
resenting the separation of energy due to the Zeeman
effect.

II radical

andGAMESSpackageJ. Tamuliere thanksDr P. Nor-
man for discussionsand hospitality at the Linkdping
University, Dept. of Physics,Linkdping, Sweden.

I radical 111 radical

92931 nm 1077.78 nm  1013.26 nm
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4. Conclusions

Using the quantumchemicalmethodsbasedon the
densityfunctionaltheory we have studiedthe several
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Our analysisof the spatiallocalizationof the elec-
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the requirementdormulatedin our work. It implies
thatthe speci ¢ groupto provide anattachmenbf the
moleculeto a substrateéSAM is presentand the self-
assembledhonolayeformationshouldtake place.The
elementarygubit hasbeenrepresentedly the unpaired
electronspatiallylocalizedon certainatoms.

The x edorientationof the electronicg-tensorprin-
cipal axes with respectto the external magnetic eld
supportsthe absencef signi cant dif culties for the
guantumcomputationprospectiesin the caseof the
Il andlll radicals. In the caseof | radical only one
criterion of the g-tensorcomponenis unsatis ed: the
g-shift componenthatlies in the tail of the radicalis
toolarge. Dueto theabove-mentionedeasorthel rad-
ical is not suitablefor the quantumcomputationwith
OSCARtechnique.

On the other hand, the attentionshouldbe paid to
[l radicals. All obtainedresultsindicatethatthereis
afreeelectronin thisradical. The g-tensorcomponent
valuescorrespondo thoseof the free electronandthe
g-tensorshift value componentsare small. Hencethe
Il radicalmoleculeis avery goodcandidatdo beused
in guantumcomputation.
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NEUTRALI U RADIKAL U, TINKAM U KVANTINEI INFORMA CIJAI APDOROQOTI, TYRIMAI
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Santrauka

Tankio funkcionalo metodu (UB3LYP) 6-311G** bazés arti-
nyje tirti neutralts radikalai. ISaiSkinta, kad ne visi i§ ju ga-
léty buti panaudoti elektrony paramagnetinio rezonanso (EPR)
kvantiniuose kompiuteriuose, kuriuose yra naudojami savisusiren-
kantys neutraliy radikaly sluoksniai. Rezultatai rodo, kad tik
5-metil-6-(4-okso-2,5-cikloheksadienil)heksano riigstis (darbe pa-
Zymeta II) ir 6-etiloktano rugstis (I1I) gali buti naudojamos kvan-

tinei informacijai apdoroti. Auk3¢iau minétam informacijos apdo-
rojimo budui 7-butil-1-oksa-6-0kso-1,2,5,6 tetra hidroantracen-2-
karboksil riigsties (/) radikalas netinka, nes elektrono sukinio orien-
tacija yra tokia, kad ji bus sunku valdyti bei ji stipriai veiks aplinka.

Remiantis gautais g tenzoriaus tyrimo rezultatais galima teigti,
kad tik /II radikale yra laisvas elektronas, kurio lokalizacijos vieta
yra nustatyta, todeél §is neutralus radikalas yra tinkamiausias kvan-
tinei informacijai apdoroti.



