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Principles of electric-dipole-allowed optical control of molecular chirality
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Conditions for achieving ‘‘optical asymmetric synthesis,’’ an example of controlled chiral symmetry break-
ing, using the electric-dipole light-field interaction are derived. These include scenarios in which neither the
medium nor the light is chiral by itself. Specifically, parity requirements are used to show that any optical
scenario in which the dynamics of the molecule depends on the overall sign of the electric field allows for
control over the production of one chiral species in preference to its mirror image. A sample laser-molecule
scenario is used to demonstrate these conditions.
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The ability to produce a specific broken-symmetry s
tem, and in particular, a chiral system of specific handedn
in preference to its equal-energy broken-symmetry forms
of great interest, both practically as well as theoretically. E
amples of broken-symmetry systems of interest includ
pair of asymmetric quantum wells, one being the mirror i
age of the other; two heteronuclear molecules aligned
DC electric field; and a 1:1 mixture~called a ‘‘racemic’’ mix-
ture! of chiral molecules and their mirror images~such pairs
are called ‘‘enantiomers’’!. Although the results describe
below may be applied to a rather general class of brok
symmetry systems, we focus here on the conversion o
racemic mixture to a single enantiomeric form, a process
term ‘‘optical asymmetric synthesis.’’ Our interest is in ide
tifying general conditions under which linearly polarize
light may be used to achieve this goal.

The use of circularly polarized light@1–3# to selectively
enhance a desired enantiomer, results in a very small e
for most molecules. The reason for this may be traced to
reliance on the presence of the weak molecular magn
dipole. Alternatively, we can explain the minuteness of
effect by noting that although circularly polarized light
chiral, this chirality, which is due to the combined sense
the rotation of the electric~or magnetic! field and the direc-
tion of propagation, is hardly felt by the molecule due to t
differences of at least three orders of magnitudes between
wavelength of light in the visible range and the molecu
size.

In contrast, coherent control methods that utilize the
stronger electric-dipole interaction, in conjunction with e
ther polarization (MJ selection! of photofragments@4# or of
the initial racemic mixture@5,6#, or orientation@7,8# of the
initial sample, have been shown theoretically to yield a v
high degree of enantio selectivity. In the former cases@4,5#,
linearly polarized light was used, so that neither the syst
nor the light, was chiral by itself. As discussed below, chi
molecules of specific handedness may be generated, in a
cess we term ‘‘optical asymmetric synthesis,’’ by combini
a phase-specific electromagnetic field with a polarized ra
mic mixture.

In this Brief Report we derive the general conditions u
der which an optical asymmetric synthesis based purely
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the electric-dipole light-field interaction is possible. The co
ditions are completely general, taking into account the pr
erties of both the medium and the incident light.

Consider a molecule, described by the total Hamilton
~including electrons and nuclei! HM . Within the Born-
Oppenheimer approximation adopted below, the nucl
wave function associated with the ground electronic state
two enantiomers denotedL and D, related to one anothe
through inversionI. Specifically,HM eigenstates describin
L andD and are denoteduLi& and uDi& ( i 51,2,3, . . . ,) and
satisfy

IuLi&52uDi&; IuDi&52uLi&. ~1!

The dipole interaction of this molecule with an incident tim
dependent electric fieldE(t) is described by the Hamiltonian

H~E!5HM2m3E. ~2!

Here,m is the total dipole operator, including both electro
and nuclear contributions, and we have explicitly indicat
the dependence of the Hamiltonian on the electric field. C
sider now the effect of inversion onH. SinceI operates on
the coordinates of the molecule, we first note that it rever
the sign of the dipole operator, i.e,I †mI52m. Second, we
note that the molecular Hamiltonian is invariant to the act
of I. Thus, sinceI †5I, that @HM ,I#50. Combining the
above results, we have@9# that IH(E)I5H(2E), where
H(2E)5HM1m3E. This implies, definingU(E) and U
(2E) as the propagators corresponding to dynamics un
H(E) andH(2E), respectively, that

U~E!I5IU~2E!. ~3!

To expose the underlying principles allowing optical asy
metric synthesis, consider irradiating a racemic mixture oD
and L in its ground electronic-state with an electric fieldE
and examine the differenced between the amount ofD andL
formed. We consider first the coherent process using tra
form limited light in the absence of collisions. Then, th
differenced is given by
©2001 The American Physical Society01-1
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d5(
i

Pi (
j

@ u^D j uU~E!uDi&u21u^D j uU~E!uLi&u2#

2@ u^L j uU~E!uDi&u21u^L j uU~E!uLi&u2#, ~4!

wherePi is the probability of stateuLi& anduDi& in the initial
mixed state.~Since the initial state is a racemic mixture, th
statesuLi& and uDi& appear with equal probability.! If d50,
then there is no control over the chirality in the scena
defined byU(E).

To determine the conditions under whichd is nonzero, we
rewrite Eq.~4! as

d5(
i

Pi (
j

@ u^D j uU~E!uDi&u22u^L j uU~E!uLi&u2#

1@ u^D j uU~E!uLi&u22u^L j uU~E!uDi&u2# ~5!

and recast the second and third terms using

u^L j uU~E!uLi&u25u^D j uI†U~E!IuDi&u2

5u^D j uU~2E!uDi&u2,

u^D j uU~E!uLi&u25u^D j uU~E!IuDi&u2

5u^D j uIU~2E!uDi&u2

5u^L j uU~2E!uDi&u2, ~6!

giving

d5(
i

Pi (
j

@ u^D j uU~E!uDi&u22u^D j uU~2E!uDi&u2#

1@ u^L j uU~2E!uDi&u22u^L j uU~E!uDi&u2#. ~7!

Equation~7!, the essential result of this report, provides t
general condition under which electric fields, assuming a
pole interaction, can break the right-left symmetry of t
initial state, and result in enhanced production of a des
enantiomer. Specifically, the difference between the amo
of D andL formed is seen to depend entirely on the diffe
ence between the molecular dynamics when irradiated bE
and by2E. Hence, barring cancellation of matrix elemen
of different j, any scenario where the dynamics of the m
ecules depends on the overall sign of the electric field m
give a nonzero enantiomeric excess and a breaking of
left-right symmetry, even for cases with initial achiral pr
cursors.Note that the fact that molecular dynamics may d
pend on the phase of the incident electric field is well s
stantiated@10,11#, but its utility for asymmetric synthesis i
only evident from this result. Finally, note that the result
completely consistent with symmetry-based arguments
can usefully provide conditions under whichd must equal
zero. For example, a racemic mixture of thermally equ
brated molecules is rotationally invariant. Hence, any ro
tion that convertsE to 2E could not, in this case, result i
enantiomeric control. In particular, in this case, the sum o
MJ ~whereMJ is the component of the total angular mome
tum along the direction of laser polarization! implicit in the
sum overPi in Eq. ~7! would result ind50. By contrast, for
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example, a racemic mixture ofMJ polarized molecules irra-
diated with linearly polarized light@5# gives nonzerod.
Other dÞ0 examples emanating from Eq.~7! are also ex-
pected to display similar nontraditional characteristics.

Both qualitative and quantitative applications of Eq.~7!
are possible. Qualitatively, for example, a traditional sche
where the ground electronic state ofL andD are incoherently
excited to bound levels of an excited state, givesd50. This
is because all processes connecting the initial and finaluLi&
and uDi& states, i.e., contributions to the matrix elements
Eq. ~7!, are even in the power of the electric field. Henc
propagation underE and2E are identical. By contrast, con
sider the four-level model scheme in Fig. 1, where the sta
uD1& and uL1& are denoteduD& and uL&. ~E.g., these may be
four levels of fixedMJ). In this enhanced version of th
scenario introduced in Ref.@5#, two statesu1& and u2& of
energyE1 andE2, which are associated with an excited ele
tronic state, are coupled to the ground state at energiesED
5EL by two narrow pulses«1(t), «2(t) of linearly polarized
coherent light. Here the rovibrational component ofu1& is
symmetric with respect toI, whereasu2& is antisymmetric
@12#. The latter two levels are coupled to one another by
additional pulse of coherent linearly polarized light of amp
tude«0(t). When«0(t)Þ0, there exist processes connecti
the initial and finaluL& and uD& states that are of the form
uL&→u1&→u2&→uD&, and hence, there are terms in Eq.~7!
that are odd in the power of the electric field. One theref
anticipates the possibility of altering the enantiomeric exc
using this combination of pulses, providing the basis for
control results reported in Ref.@5#. Further, if«050, then the
situation reverts to the case discussed above, where only
cesses even in the electric field contribute to transitions
tween the initialuD&,uL&, and finaluD&,uL& transitions, and
hence control over the enantiomeric excess is lost. For
reason, the«0(t) coupling laser is crucial to enantiomer
control. This qualitative picture is substantiated quanti
tively, below.

Quantitatively, the time evolution of the system shown
Fig. 1 is given by the wave function

uC~ t !&5bD~ t !exp~2 iEDt/\!uD&1bL~ t !exp~2 iELt/\!uL&

1b1~ t !exp~2 iE1t/\!u1&

1b2~ t !exp~2 iE2t/\!u2&. ~8!

Inserting Eq.~8! into the time-dependent Schro¨dinger equa-
tion, invoking the rotating wave approximation, and noti

FIG. 1. Model system and laser scenario, as described in te
1-2
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BRIEF REPORTS PHYSICAL REVIEW A 65 015401
the symmetry properties of the nuclear component ofu1& and
u2& gives a set of equations@5# that may be solved numeri
cally for the time dependence of the coefficientsbi(t). Spe-
cifically,

ḃ15 i exp~ iD1t !VD,1* @bD1bL#1 i exp~ iD0t !V0* b2 ,

ḃ25 i exp~ iD2t !VD,2* @bD2bL#1 i exp~2 iD0t !V0b1 ,
~9!

ḃD5 i exp~2 iD1t !VD,1b11 i exp~2 iD2t !VD,2b2 ,

ḃL5 i exp~2 iD1t !VD,1b12 i exp~2 iD2t !VD,2b2 ,

where the Rabi frequencies V i j (t)[m i j « j (t)/\, i
5D,L, j 51,2,V0[m21«0(t)/\, and detuningsD j[v jD

2v j ,D0[v212v0, where m i j [^ i um3 êku j &, with i

5D,L;k50,1,2, andj 51,2. Here,v i j 5(Ei2Ej )/\ and êk
defines the direction of the linearly polarized pulse«k(t). We
take the pulses«1 and«2 much narrower in bandwidth tha
v21, and neglect the effect of pulse 1 on level 2 and of pu
2 on level 1.

Analytically, the solution to Eq.~9! depends on the sign o
E when «0Þ0, Specifically, changingE to ÀE means
changing all« j (t) to 2« j (t). Doing so, and definingb185

2b1 andb2852b2 converts Eq.~9! into

ḃ185 i exp~ iD1t !VD,1* @bD1bL#2 i exp~ iD0t !V0* b28 ,

ḃ285 i exp~ iD2t !VD,2* @bD2bL#2 i exp~2 iD0t !V0b18 ,
~10!

ḃD5 i exp~2 iD1t !VD,1b181 i exp~2 iD2t !VD,2b28 ,

ḃL5 i exp~2 iD1t !VD,1b182 i exp~2 iD2t !VD,2b28 .

Thus, Eq.~10! is the same as Eq.~9! barring the change o
sign in theV0 terms. Hence, by the above argument, t
scenario therefore allows for chirality control when«0(t)
Þ0.

Numerical studies indeed confirm that control over t
uD& and uL& populations is, indeed, extensive when las
properties~pulse widths, central frequencies, time delay, e!
are varied in this scenario. Consider, for example, excita
from a racemic mixture. Figure 2~a! shows the dependenc
of the populations ofuD& and uL& on the phaseu[u2 of
«2(t), where the pulses are assumed Gaussians@5# of the
form «k(t)5bkexp$2@(t2tk)/ak#

2% (k50,1,2), with bk
5ubkuexp(iuk). Clearly, one may preferentially deple
ground-stateL or ground-stateD just by changingu by p.
Similarly, Fig. 2~b! shows the extensive dependence of thL
andD populations on the intensity ratiob0 /b1.
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Finally, we note that control depends upon the ability
coherently prepare excited-state levels by one or more sim
taneous excitation routes, embodied in the simultaneous
diative coupling of levelsu1& and u2& to one another and to
uDi& and uLi&. Thus, this constitutes a demonstration of t
use of coherent control@13# to alter the overall chirality of a
system without the use of chiral input. What is required e
perimentally is control over the phase of the electric fie
One possible approach is to use ultrashort pulses@14,15#
which allow defining the overall electric-field phase.

In summary, we have derived the basic principle that
lows, using the dominant electric-dipole light interaction, f
phase-selective transfer of a racemic mixture into the purD
or L enantiomeric form. In doing so, we have ignored co
sional effects, as well as radiative emission to the grou
state, discussed in Ref.@5#, because they do not modify th
principles described above.

This research was supported by the U.S. Office of Na
Research, by the Minerva Foundation, and by the Germ
Israeli Foundation.

FIG. 2. Probability of observingD ~solid lines! and of observing
L ~dot-dashed lines! after laser excitation of a racemic mixture as
function of ~a! the phaseu of «2(t) and~b! the ratio of amplitudes
b0 /b1. System parameters are:m1L5m1D51 a.u., m2L52m2D

51 a.u., b i5131025 a.u., i 51,2, a i52 psec, i 50,1,2, D1

5D2525 cm21, t15t2, and ~a! b05431025 a.u., D050, and
t05t1. ~b! b05131025 a.u., D0525 cm21, and t02t1

522 psec.
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