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Optical enantiomers are proposed to encode molecular two-qubit information processing. Using
sequences of pairs of nonresonant optimally polarized pulses, different schemes to implement
quantum gates, and to prepare entangled states, are described. We discuss the role of the
entanglement phase and the robustness of the pulse sequences which depend on the area theorem.
Finally, possible scenarios to generalize the schemeasdobit systems are suggested. Z004
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I. INTRODUCTION ness its main application in entanglement swapbargjuan-
tum information storagé.

Several quantum systems have been proposed as ad- The structure of the paper is the following: In Sec. Il we
equate, albeit often nonscalable, material support for impleintroduce the properties of the system. In Sec. Il we show
menting quantum gates and quantum circtilsmost natu-  several efficient ways of implementing quantum gates, and in
ral system to encode the qubits is the spins of electrons arnlec. IV we discuss possible extensions and we refer to the
nuclei, since the dimension of the space is already binary foissue of scalability.
every half-spin particlé.As molecular examples, there have
been proposals to encode qubits in the electronic excitatio). pHySICAL MODEL OF THE TWO-QUBIT SYSTEM
of different chromophorésor in the vibrational modes of
molecule$ and polymer chains.

In this work we propose the use of the handedress Let us consider, to be specific, a molecule such as
lated with parity of an optical isomer as another quantum H,POSH. Steric effects hinder the torsion of the molecular
degree of freedom which can be easily used to encode 8H fragment around the P—S axisee Fig. L In this ex-
qubit. Molecules with high energy barriers for internal mo- ample the electronic potential along the dihedral angle exhib-
tion (like torsiong often present symmetry rules that corre- its two wells separated by a moderate internal barrier, so that
late the transitions among eigenstates to the handedness tbere are two ground conformatiofsis andtrans) that can
inversion with respect to that motion. The handedness alsonly be interconverted by tunneling. Moreover both confor-
conforms a binary state space. Therefore, the combination ghations are optical isomefsnantiomerswith different left/
handedness and the hindered internal motion provides suffiight chirality. In the HPOSH example, both enantiomers
cient correlated degrees of freedom to implement simplénterconvert by tunneling in-10 ps’ The eigenstates of the
conditional logic operations, i.e., quantum gates. The maimolecule are grouped in pairs of evépositive or odd
restriction of this implementation is that the handedness carthegative parity [n+), [n—), wheren represents the num-
not be used as a scalable resource. In the model that weer of nodes of the wave function in each well.
consider in this work we concentrate on a four-level system  The electronic excited states{) of the molecule does
and no claims are made towards using the system for quamot exhibit an internal barrier and the symmetry is such that
tum computation. Some possible extensions of the scheme the eigenstaten) are also of even/odd parity for even/odd
support a few-qubits are briefly discussed at the end of thquanta excited on the torsional motion. The interesting prop-
paper. erty of the transient dipole moment is that depending on the

Our main concern is to efficiently prepare nonseparablairection it may be of even or odd parity. To be specific
entangled states or, in general, coherent superpositions witonsider that for a chosen molecular axis-laser orientation,
precise control of the relative phase, adopting the languagand for a particular chosen excited statE|u n—)
of Quantum Information scienceThe oriented optical iso- =0 ((E|u, [n+)#0) and (E|u,|n+)=0 ((E|xn—)
mer is an ideal system to transfer entanglement from the£0). Hence, if the molecule cannot rotafixed orientation
photon polarization of an optical source to the handedness @ laser of perpendicular polarizatigh (t) can only induce
the molecule and vice versa. Therefore, the system may hatransitions from the ground electronic potential with states of

A. Required properties of the oriented optical isomer
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FIG. 1. Electronic potential curves of,AOSH showing the required fea-
tures for the proposed two-qubit encoding of the system. Adapted from
Ref. 7.

. ... FIG. 2. Different schemes to implement one-qubit gate Hadamard
even parity, and conversely a laser of parallel polarizationyate frame p two-qubit gatesthe c-NOT gate, frame)band to prepare

& (t) can only induce transitions from the ground electroniCentangled statelsb*, |®~), |¥*), and|¥~) (frames c—f, respectively
potential with states of odd parify. The balls indicate the populations: emgzero populatiojy half-filled (50%

The previous symmetries are the requwed properties tBOpuIatlor) or filled (100%; gray golor indicates a change in the sign of the
. . . ‘Wwave function. Every operation involves two pulgéso arrows. The re-
implement in a particular molecule the schemes proposed ifired effective Rabi frequencyr or m/2) is indicated by the size of the

this work. These conditions are readily observed in severalquare in the arrows.
optical isomer$:® However, depending on the rate of tunnel-

ing, the molecular basis where the qubits are encoded must
be chosen differently. 04+)[00), |0 )es|10)
11+)e[0D),  |1-)e|1D), @

such that the first qubit represents the pafiyen or odd
and the second qubit, the vibrational excitation. As shown in
For fast tunneling, the energy splitting between the pairFig. 2, the system uses an additional auxiliary state of the
of eigenstate$n, +) and|n,—), is typically large. By cool- excited potentialE), to perform the operations. Selecting
ing, the molecule can be easily prepared in the state of loweshis state with a particular symmetry with respect to a chosen
energy,0,+). The eigenstates are then the most natural basisolecular orientation, as indicated in the previous section,
to encode the qubits. In a 2-qubits system, the encoding cahe structure of the couplings can be described by the follow-

B. Encoding the qubits on enantiomers with fast
interconvertion

be chosen as, e.g., ing Hamiltonian in the rotating wave approximatiRWA),
0 0 0 0 Eol(O(E[m|0+)
1 0 0 0 0 o (D(E[p,|0—)
H=—3 0 0 0 0 Ey(OElwl1+) |. (2
0 0 0 0 €1, (O(E|p,[0—)
Eon((E[m|0+)  Eor ((E[pr|0—)  Ey(D(E[m|1+)  Er (D(E[pr|0—) 2A

We have chosen the pulse frequencies @§= wg o+ — A, are in resonance, but the auxiliary state can be off resonance
wo, =wgo-—A, wy=weg1,—A, 0w, =wg;-—A (Where by A with respect to every one-photon transition. The struc-
we n+ IS the frequency difference betweé) and|n+)),  ture of this Hamiltonian allows very easy control of popula-
such that all two-photon transitions between the qubit stateSon transfer between the qubits and implementation of quan-
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tum gates. Different schemes will be developed in the next (E||0+)

section. The drawback of the scheme is the need of four %L:\/l Ele, [0 )P (E| |05 .

different lasers to operafgy(t),&o, (1), Eqy(t),E1. (1)} (Elp[0=)[*+[(E[m|0+)
(Elp [0—)

|2 Q\ 1 (5)

V(B [0=) [+ [(El[0+)
C. Encoding the qubits on enantiomers with slow ) ) )
interconvertion where & is the peak amplitude anfy(t) is the envelope

L L , ) _function. With this choice of polarization we observe that
. Amor(=T efficient _|mp]ementat|on is possible using optlcaI<E|90L,ﬂ|OL>¢0_ Using the same procedure we obtain
isomers with very high internal barriers. Then, the pure left/

right enantiomers are long live species. The pure enanti- Eyr(t)=ExSo(t) R
omers are superposition states of zero parity,

with
nLY=(|n+)+|n—))/y2,
InL)=(n+)+In-)/\2 (Ely0+)
3 €R= " > > €1
INRy=(|n+)—|n—-))/2, VI(El w1 [0=)[*+[(E w[0+)]
conforming a basis of localized states in each well. In fact, (E[p.[0—) Q. 6)
for very slow tunneling the localized basis is indeed more VICEl e, [0=)2+ [(E| |0+ )]?

practical than the delocalized eigenstates, since optical iso- . ) .

mers are typically found either in a given enantiomeric form,Usually the d'_p°|e 'moments in the transm.ons from the
which is favored by chemical synthesis, or in a racemicodd/even —parity eigenstates are approximately equal,
(50:50 mixture, which is quickly obtained by decoherence (El#1/0+)~(E|x,[0—). Then, the optimal polarizations
from the delocalized energy states. In this situation we will/Of the pulses are perpendiculgyz-€ ~0. The expressions
assume that the initial state of the system is given by a lof®" €iL()=&Si(D)ey and Eip(t)=£&181(1)er are ob-
calized statde.g.,|OL)), which can be obtained by cooling tained substituting0+) and[0—) by |1+) and|1-) in Egs.

the chemically preferred enantiomer, or by purifying the ra-(2) @nd(6), respectively. , o ,
/10,11 With the choice of the optimal polarizations we obtain

cemic mixture’
Given that we are initially inOL), we encode a two € four lasers&o (1), Eor(t). £1.(1). E1r(1)} that operate
qubit system as follows: in the different transitions. However, the physical resources
are only two laser fields. It is important to realize that the

|OL)«]00), |1L)«|01), only difference betweei, (t) and £,(t) is the direction
(4) of polarization. Whene,, and e,z are not orthogonal, the
|OR)«—|10), |1R)«|11), pulses cannot act at the same time, since its sum will be

another pulse of different polarization. Having this restriction
so that the first qubit represents the handedness of the optical mind, the same Hamiltonian in E() applies, substitut-
isomer, while the second qubit represents the vibrational exng the perpendicular or parallel polarizations by the proper
citation. Besides the four levétwo-qubit system, we use optimized polarizations.
the statd E) in the excited electronic potential as a bus state
where the information is not encoded.

In this system _there are on_Iy tyvo active f_requencies Ol SCHEMES FOR IMPLEMENTING QUANTUM

pulses. By controlling the polarization of the fields we needgatgg
to prepare the specific pulses that will selectively drive the
four transitions between the localized stafest the eigen- Once the Hamiltonian has been defined by the proper
statey and the|E) state!? Since the basis is rotated, the encoding of qubits and the preparation of pulses, in this sec-
optimal polarizations must be rotated with respect to the pertion we propose different schemes or sequences of pulses
pendicular and parallel orientations. For instan&t) that can be used to implement one and two-qubit gates, and
=&, (t)e, is active in both transitions frofOL) and|OR) to prepare maximally entangled Bell states. We concentrate
to |E). A linear combinationEqy, (t) =&y, (t)e, + &y (t)g is  on the schemes based on molecules with very slow tunnel-
needed such thatE|Ey (t) - u|OR)=0 but (E|Ey (t)  ing, where the basis are pure enantiomers or localized super-

- u|OL)#0. The first condition implies that position states. The same schemes can be applied to mol-
ecules with fast tunneling, changing the encoding to the
Eor (1)(E| . |OR) + &gy (1)(E|1|OR) delocalized basis and the optimal field polarizations to the
_ _ _ perpendicular and parallel components. We refer here to op-
=~ Lo (D(E|,]0=)+ £oi(D)(E[ 1[0 +) =0, tical schemes based on off resonant Raman with fully over-
which can be easily satisfied by choosing the field lapping pulses, in which case we use the same envelope
function for all pulsesSy(t) =S, (t)=S5(t). This is the sim-
EoL(1)=ExS(t)enL plest scheme that allows the required control in our physical

system. Other schemes using more complex pulse sequences
with the specific linear polarization are possible. They are briefly outlined in the final discussion.
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As a counterexample of a nonworking scheme, it is not posBy using nonresonant fully overlappingyr(t) and £;x(t)
sible to use resonant fully overlapping pulses to prepargulses, the firstleft-hand qubit is not coupled, and the la-

50:50 superposition states of the qubits. sers will only interact with the secor{dght-hand qubit The

Hamiltonian of the interaction i$l;r g [EQ. (9)] and the
A. Implementing one-qubit gates: solution of the dynamics i8);zor(t,0) [Eq. (10)] with the
The Hadamard gate as a /2 transformation “R” label instead of the L.” label. Full population inversion

is obtained by choosingl=1 (or odd multiples ofmr). We

As an example of a one-qubit gate we show the NeCesz |l this solutionU7x o

sary steps to prepare the Hadamard gate, for instance on the

first qubit. The Hadamard gaté{) operates such that UTrorlOR)=—1R),
HIOLY=(0L) +[1L))/\2, UZk el LR) =~ OR). 14
HIlL)=(|0L>—|1L>)/\/§. (@) Notice that the overall phase is unimportant and therefore

UTror is exactly the c-NOT gate. However, we keep the
phase factor since it can be relevant in sequential gate opera-
tions that act on part of the system, as shown in the next
éubsection.

Using two fully overlapping nonresonant puls&, (t) and
&, (1), with a sufficiently large detuning to the excited state
|E), the right localized states are decoupled and the excite
state is a virtual statesee for reference the Hamiltoni&®)]. Obviously, the definition of the c-NOT gate depends on
The amplitude of probability ifE) can be cons_ldered small the nature of the encoding, which is arbitrary. If, for instance,
and constant. We also choose the peak amplitudes such th@]te control qubit is changed to the first qubit, then the same
EoS(t) €y = E1S(1) prggr=Q(1). (80  scheme can be applied by rotating the polarization of the
pulses, that is, by usingg (t)=&S(t)e. and £ (1)

By adiabatic elimination of the excited stdt€) we obtain, — £,8(t)ey, , in which case the c-NOT gate would be equal

in the RWA, the effective Hamiltonian that acts only in the

first qubit 0 g .-
Qg(t) 11 C. Preparing entangled states: Phase control
LOLT 20 ( 1 1) . © of superpositions by multiple-steps
The Schridinger equation can be solved analytically,  In order to prepare the entangled state
| (t))=U(t,0)|¥(0)), |d*)=(]00)=|11))/y2=(|OL) = |1R))/\/2, (15)

codA/2)  —isin(A/2) (109  from the initial statdOL), we need to use the puls€, (t)
—isin(A/2) cog.A/2) |’ and £,x(t). In this case, the other states of the system are
decoupled, and the same Hamiltonidgk o [EQ. (9)] repre-
sents the interaction between the required stalgg (t,0)

[Eg. (10)] gives again the system dynamics. For pulse areas
A=2, U”fF’fOL is constructed, which acts exactly in the
same way ayffo,_ [see Eq(12)] when|1L) is substituted

by |1R). By redefinition of the basis phas@f,fm can be
used to prepare one of the entangled states, but not both of
them, since the phase, although arbitrary, must be fixed. To
UTZloLy=(JoL)—i|1L))/V2, be specific, we consider hereafter'™?/0R)—|OR), and

1L,00 —iml2
Y . 12 © |1R)—|1R). Then
U olib)y=(oL)+i |1L>)/\/§-

R _ UTZaloL)=(JoL)—i|1R)/\2=[D™). (16)
U7\ ‘o Works exactly as the Hadamard gate. The procedure is ) )
schematically shown in Fig.(8). The mismatch of the rela- & Nne€ed to devise and alternative strategy to change the

tive phase can be incorporated in the definition of the basisr,GIaﬁVe phase of the superposition and prepare the orthogo-

|1L)—e '™1L), so that there are no observahlie., nal Bell state{d ™). , _ _
72 andH. A simple way of controlling the phase is by performing

physica) differences betweebl7| " . ) ;

' sequential operations. The"; transformation adds ar
phase to the wave function at the same time that the popula-
tion is transferred. Therefore, there should be as many popu-
lation flips as phase shifts are required. In order to prepare

Choosing the molecular handedness as the control qubjitb ~) from |OL) the simplest 2-pulse sequence could be
(with the left enantiomer as the 0 pithe c-NOT gate is

UlL,OL(t’O):e_iA/Z(
where for a pulse of duratiom, the pulse area is defined by
T
A=f dtQ3(t)/2A. (12)
0

By choosing.A=mn/2 we prepare 50:50 superposition states.
We call this transformatiomJﬂZ,OL, which gives(besides an

unimportant overall phase facjor

B. Implementing two-qubits gates: The ¢c-NOT gate
as a ar transformation

—\_1|7T 2
simply a flip in the population on the right-hand enantiomer |®7)=UlraUzolOL), 17)
and not in the left-hand enantiomer, where|a) can be any other qubit state, for instarjde ).
AMoL)=|oL), AMOR)=|1R) The first transformatiorlu’ffOL creates a 50:50 superposition

of |OL) and an intermediate unwanted stajtelL()); the sec-

(13 ond transformatiotJ7 ;, moves all the population from the

MIL)=|1L), A|1R)=|OR).
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unwanted state to the desired final state. Since ot&ns- 1
formation has been added to the former scheme, the final - 08
superposition changes @ phase. Notice that for the same § 0,6
reasons, it is not possible to prepare superposition states of Z g4
the form|a)*|b) without phase redefinition. This fact is 2 02
related with the impossibility of changing the handedness of

a state by interactions that do not distinguish the SEF T P
handednes¥. e3 gy 4 F e‘l)t g;; .

The same ideas can be applied to prepare entangled 3 ,[ [\&r 4 L 4
states of the form 2.0 1L ]

[w*)=(|01)+[10))/V2=(|1L)Fi|0OR)/V2, (18 e A

where we have already incorporated the proper phase redefi-
nition. In this case, since the initial state is not part of the
desired final superposition, we need to move all the popula- é
tion from|OL). We can, for instance, first operate on the first 4
qubit by flipping the population to one of the final states, 2
e.g., |1L), and then partially transfer the population from 9
3
2

~~
(=N
I~

I s |

this state to the other state of the target superposition, e.g.,

B 3 L
I0R), 3.0 3 ;
|W*)=Ugky UT, o |OL). (19 Eq L -
This is an followed by 7/2 sequence. An alternative scheme 0o 0 20
is time /T
|q,+> — UgR,OLUﬂZ,OJOL)’ (20) FIG. 3. Dynamics for the controlled preparation of entangled siat€s,

[®7), |¥T), and|W ") (frames a—d, respectivélywe show the population
histories in the qubit basi§@L), dashed line]OR), dotted—dashed line;
|1L), dotted line; 1R}, solid line) and in the prepared entangled stdteck
gray line as well as the shape of every pair of laser pulses.

which involves an/2 followed by a# transformation, as in
the preparation ofd ).

We need an additionat transformation(a 3 pulse se-
quence to obtain thel W ~) entangled state. A particular re-

e k Therefore, for am pulse transformation the area of every
alization is, for instance,

pulse in the pair must b&gj =4, and for an/2 transfor-
W) =UgRaUT UTL o |OL), (21) mat|0nIQg’2= V8. . : .

R ’ Using the theoretically predicted values, Fig. 3 shows
where|a) is any intermediate unwanted state, e|dR).  the results for preparing the different entangled states dis-
Possible realizations of the entangled states are schematicaltyssed in the previous section. The yield of the efficiency in
shown in Figs. &)—2(f). each case was higher than 0.995, and almost no population

The procedure presented above is not constrained to thgas transferred to the excited state.
particular arbitrary encoding that is chosen. The language of From a physical point of view, if the molecular density
transformations is universal. If the subindexesUf; and  of states in the enantiomer is around one per wave number,
UZ? label directly the qubitg|00),/02),|10),/11)}, instead of  p~1 cm, then the transformations could be performed using
the localized or delocalized Hamiltonian basis states, thepulses with time widths~100 ps and peak intensities of the
the transformations represent general realizations of therder of 1& W/cn? for realistic Franck—Condon factors of
gates. The implementation of a particular transformation rethe order of 0.1.

quires the choice of the two nonresondaptimally polar- To prepare the differentr and half = pulses we have
ized fully overlapping pulses, which obviously depends onfixed the detuning and time width, optimizing the field am-
the choice of encoding. plitudes. Depending on the experimental needs the pulses

could be prepared optimizing only the time widths or the

D. Numerical results . . .
carrier frequenciegdetunings.

We have solved the Schitimger equatior{2) assuming,
without loss of generality, that all the Franck—Condon fac-IV. DISCUSSION
tors are equal to 1. Themy =e; =(g+e€,)/\2 and er The parity or handedness and the torsional motion of an
=e;r=(—g+e,)/\2. Using units scaled with the time optical isomer configure a double-well potential. In some
width of the pulses7=1), we fix A=87%>~44.5 and we cases, the symmetry of the dipole moments and the excited
implement the schemes based on fully overlapping nonresatate in the oriented isomer allow for simple implementations
nant pair of pulses, as explained previously. For Gaussiabf quantum gates. Depending on the tunneling rates, we have
shaped pulsestxdte“2= J2) proposed two different encodings for the qubits. The same
schemes can be applied for the preparation of the gates and
A=mQF/2A. (22 entangled states in both cases. However, some restrictions
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apply to the phases of the entangled states that can be prey implementing the previously proposed schemes

pared. The general strategy is based on sequences of pairssiiple extensionsn every double well. The difficulty in the

nonresonant fully overlapping pulses with specific polariza-scalability problem is the entanglin@e., connectiopof the

tions ands or half = pulse areas, that drive selective exci- different units, a prerequisite for any complex quantum com-

tations. This constitutes the simplest possible strategy, paputation. More studies are needed to assess the viability of

ticularly for molecules with slow tunneling rates, where only N-qubit entanglement and quantum information processing

two pulses(with the same shapeare needed. in large stringlike molecules. However, we believe that the
There are many other possible implementations of theresent contribution presents a new family of molecular can-

gates. Recently we have proposed the use of phase-control didates at least for implementing simple two-qubit operations

partially time-delayed pulse sequences, both in and off rescand entanglement, and shows new ways of looking at and

nance with the excited state, to prepare entanglement in foursing optical isomers.

level systems® The area of the pulses must be relatively

large, but the advantage of these schemes is a greater insdM-KNOWLEDGMENTS
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We have alluded to the difficulty of extending these pulse area matching conditiong&(t) = u&;(t)=Qo(t), the Hamil-

schemes td\]-qubit systems. It is in principle possible to tonian of the interaction among the coupled states in the RWA is

implement more qubits in the vibrational levels of the double  H,, .= 7[90(0/2](8 0 1).

well. For instance, by using 4 states in each enantiomer it is 110

possible to design three qubit operations. The problem is thatThe Schrdinger equation for this Hamiltonian has analytical soILition. If

. . the initial state is in|i), the final wave function will b t)=5(1
the number of pulses needed to control the operations in each 1D (V)=

. . . : - +cosA)\i)—%(1—cosA)|f)+(i/\/§)sinA|E), where A= [Q(t)dt is
enantiomer will grow exponentially. This scalability problem pulse area, Population inversion frdi to |f) is possible usingr

prevents th_e_ _enc_oding of many _QUbitS per enamiomer- AN- huises. However, it is not possible to create 50:50 superposition states of

other possibility is the use of diastereomers, that is, mol- |i) and|f) and at the same time avoid population|E), that is, every

ecules with several enantiomeric centers, for instance, pro-superposition or entangled state prepared by resonant fully overlapping

teins. These molecules could work as strings of double well Pulses would be contaminated by some population in the excited elec-
tentials. If th ; diti ¢ ble. it Id tronic state. In fact, for halér pulses|#(t))=([i)—|f))/V2+i|E)/y2 so

potentials. If the symmetry conditions are favorable, it could . cq0, of the population is actually [&).

be possible to find adequate pulse polarizations to encodec. s maierle and R. A. Harris, J. Chem. Phg89, 3713(1998.

two (or a few) qubits and perform quantum logic operations **v. S. Malinovsky and I. R. Soléunpublishegl



