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Photoinduced Separation of Chiral Isomers in a Classical Buffer Gas
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We develop a theory of photoinduced drift of chiral molecules or small particles in classical buffer
gases. In the absence of a magnetic field there exists a flux of chiral molecules, provided the
electromagnetic field is circularly polarized. It has opposite signs for different chiral isomers. In the
presence of a magnetic field the flux can be also induced by a linearly polarized (or unpolarized)
electromagnetic field. The magnitude of the flux is not proportional to either linear or orbital momentum

of the electromagnetic field.

DOI: 10.1103/PhysRevLett.102.063004

In this Letter we develop a theory of photoinduced
transport of chiral molecules (or small chiral particles)
diluted in a classical buffer gas. This effect can be impor-
tant for separation of different isomers of chiral molecules
and for the theory of optically actuated molecular motors
(see, for example, [1-5]).

Consider a solution of molecules of definite chirality in a
buffer gas in the presence of an electromagnetic radiation
with frequency @ and polarization tensor P;; = (E;E}),
where E is electric field and (- - -) denotes time averaging.
We define the chiral current j. as the part of molecular
current that changes sign when the molecules are replaced
by stereoisomers of opposite chirality. We study effects
whose magnitudes are not proportional to either linear or
angular momentum of light; i.e., we work in the approxi-
mation where no force or torque is exerted by the electro-
magnetic radiation on the medium (therefore they cannot
be described in the framework of linear response theory
with respect to the torque). This approximation is valid as
long as the thermal angular momentum of the molecules is
larger than 7. In this case, in the absence of a magnetic
field, by symmetry, the chiral flux density is nonzero only if
the electromagnetic field is circularly polarized, and is
perpendicular to the polarization plane:

Jek = Qc€ijiPij. (D

Here €, is the antisymmetric tensor, and the coefficient a,.
has opposite signs for molecules of different chirality. It is
clear from Eq. (1) that when the direction of circular
polarization is reversed the chiral current changes sign.

Although the photoinduced flux of chiral molecules ex-
ists both in gases and liquids the microscopic mechanisms
of the effect in these two cases are different. In this Letter
we focus on the case of gases, where all relevant mean free
paths (for both buffer gas and chiral molecules) are bigger
than sizes of the molecules. In this case the effect can be
analyzed using the Boltzmann kinetic equation.

We assume that optical transitions take place between
the ground state and an exited state of the chiral molecules
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denoted by indices g and e respectively, the energy differ-
ence between them being hw,.

Let us first illustrate the origin of the effect by consid-
ering a toy model in which the chiral molecules are con-
strained to rotate about a single axis which coincides with
the direction of propagation of light. The frequency of the
circularly polarized radiation in the reference frame coro-
tating with the molecule is shifted by the rotation fre-
quency of the molecule, (). As a result, the probabilities
of light absorption by molecules rotating clockwise and
counterclockwise are different. Consequently, the distribu-
tion function of the molecules becomes asymmetric with
respect to the angular velocity: a hole will occur in the
distribution function of the ground state molecules f4({))
at certain values of the angular velocity, while a peak will
occur in the exited state distribution f¢()) (see Fig. 1).
Thus the populations of molecules in the excited and
ground states acquire opposite angular momenta. A funda-
mental property of collisions of the chiral molecules with
the buffer gas is that they transfer rotation of chiral mole-
cules into translation. Since the scattering cross sections
for the excited and ground states are generally different this
will result in the net flux of the chiral molecules. Momen-
tum conservation during collisions implies that a net mo-
mentum in the direction opposite to the flux is imparted to
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FIG. 1 (color online). (a) Schematic drawing of the depen-
dence of the distribution function of chiral molecules on their
angular velocity along the wave vector of light.
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the buffer gas. In some aspects this effect is similar to the
light-induced drift of atoms considered in Refs. [6-9].

We now turn to a description of the effect in the frame-
work of the Boltzmann kinetic equation. Because of the
rapid mixing of rotational degrees of freedom of the mole-
cules, their distribution function depends only on the
center-of-mass coordinate r, time ¢, and the set of quanti-
ties I' that are conserved during free motion [10]. For
simplicity, we consider a spatially uniform situation, where
chiral particles of small concentration scatter only from the
nonchiral buffer gas, whose distribution function is in
equilibrium. In this case the Boltzmann kinetic equation
is linear and has the form

a ~

of air) — (D)} + 19,(D). @)
Here a = g, e labels the ground or exited states of the
chiral molecules, and f¢(I') = f4(I') — f§(T') denotes the
deviation of the distribution function from its equilibrium
value, f§(I'). The latter describes the gas at rest in the
laboratory reference frame in the absence of radiation.
Denoting the scattering probability of a molecule from
state a, ' to o/, I” by w®?(I"";T') we write the scattering
integrals in the excited and ground state due to collisions
with the buffer gas as

B = [wss e rar ) [wersnar
+ f wse(T;T7) Fe(I)dl, (3a)
I{F(D)} = —F(T) f wee(I: T, (3b)

For simplicity, we assume that the probability for a mole-
cule to remain in the excited state upon a collision is
negligible. We also neglect spontaneous emission. To lin-
ear order in the light intensity I the transition rates be-
tween the ground and exited states due to light absorption
are described by

15,00) = — £ YD), (4a)
15,(I) = fEO)YT)I, (4b)

where f§(T') is the equilibrium distribution function of the
molecules in the ground state (we assume that the excited
state is not thermally populated), and Y (I') is the proba-
bility of light absorption. The latter is determined by the
time dependence of the electric field in the reference frame
of the molecule, and in general depends both on the mole-
cule velocity (due to the Doppler effect) and its angular
velocity. The rotational frequency shift is of order of the
angular velocity of rotation, ~v;/d, where vy is the
thermal speed of the molecule and d is its characteristic
size. The Doppler frequency shift is much smaller, of order
vy/A, with A being the wavelength of light, and can be
neglected. We assume that the mismatch between the
radiation frequency @ and the resonant frequency wg is

of the order of the thermal rotational shift, i.e. |w — wy| ~
vy/d, and that the absorption line width 7y is smaller than
the rotational broadening y < vy/d. In the opposite case
the magnitude of the chiral flux is smaller.

Thus we take the absorption coefficient Y(I') to be
independent of the linear momentum of the chiral mole-
cules. Since we work in the dipole approximation, in which
Y(I') is insensitive to the molecule chirality it is invariant
under inversion. In other words Igh(F) = Igh(FP ), where
the set of coordinates I'” is obtained from I by inversion. If
the molecules were nonchiral the scattering probabilities
would be invariant under inversion, i.e.,

w(I;T) = w(I'?;TP). )

In this case the nonequilibrium part of the distribution
function f(I') would be a symmetric function of momen-
tum, f(I') = f(I'"). This would nullify the chiral current

=3 [ dTvi(D), ©)

where v is the molecule velocity. For chiral molecules, in
addition to inverting velocity, the inversion symmetry
changes the molecule chirality. In this situation the equal-
ity Eq. (5) is not valid, and the nonequilibrium distribution
f(I') contains a part that is odd in momentum and the chiral
current Eq. (6) generally does not vanish.

In order to complete the description of kinetics of the
molecules in the presence of radiation we need to obtain
the dependence of the absorbtion probability on the phase
space coordinates, Y(I'). In the dipole approximation Y (I")
can be expressed in terms of the three frequency dependent
absorbtion cross section, o;(w), for the different light
polarizations, by transforming the electric field from the
lab frame to the reference frame corotating with the mole-
cule. This problem can be solved for the general case,
where molecule rotation is described by an asymmetric
top [11]. However, in order to simplify the discussion and
illustrate the essential physics we consider the case where
the molecule rotation is modeled by a symmetric top.

In this case the set of conserved quantities consists of the
linear momentum p, angular momentum M, and the angle
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FIG. 2 (color online). (a) Rotation by the angle S from the xyz
frame to the ¢n{ frame. (b) Illustration of the Euler angles 6, ¢,
i rotating the ¢ frame to the x;x,x3 frame corotating with the
molecule.
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0 between the molecular axis and M, i.e. I' = {p, M, 6}
[we introduce the Euler angles ¢, 6, and ¢, as shown in
Fig. 2(b)] [12]. In the case of circularly polarized light the
distribution function depends not on all three components
of the angular momentum M but only on its magnitude M
and the angle B it makes with the direction of light propa-
gation [z axis in our notations; see Fig. 2(a)]. Thus the
distribution function f depends only on p, M, 6, B.
Furthermore, it is convenient to express M and € in terms
of the components of the angular momentum parallel,
M3z = M cosf, and perpendicular, M| = M sinf, to the
symmetry axis of the molecule. Indeed the rotational en-
ergy of a symmetric top is most naturally expressed in

. 2 M
these variables; e(I') = 12‘4—1: + ﬁ Therefore, below we

write the equilibrium distribution function and the kinetic
equation in the variables I'" = {p, M5, M|, B}, with the
integration measure dI" ~ d°pd cosBM | dM | dM .

We assume that the excited state is nondegenerate. In
this case, for a symmetric top molecule and in the dipole
approximation, only the electric field polarized along the
symmetry axis, x3, of the molecule is absorbed. Further-
more, the absorption cross section for the right and left
stereoisomers are identical and will be denoted by o(w).

In order to express Y(I') in terms of o(w) we need to
transform the electromagnetic field E from the stationary
frame to the frame rotating with the molecule. To this end
we introduce three reference frames as illustrated in Fig. 2.
The xyz frame is the lab frame such that the z axis corre-
sponds to the direction of light propagation. The light is
assumed circularly polarized with the polarization vector
E = Ey(% + i$)/+/2, where the hat above a symbol is used
to denote a unit vector along the corresponding axis. The
én{ frame is also stationary but the ¢ axis points along the
constant angular momentum M of a given molecule and
forms an angle [ with the z axis. The & and the x axes
coincide. In terms of the basis vectors é , 7, Z of this frame
the electric field is written as E = E, (& + if)/V2 +
E;Z + E_(£ — if)/+/2, with the components expressed
in terms of E, as

(E,. ELE)= Eo(l + cosB —isinB 1 — cos,B). 7

2 2 2
Next we transform the electric field from the fixed frame
&én{ to the frame x;x,x3 which rotates with the molecule
so that the x3 axis always point along the symmetry axis of
the molecule. The rotation from the é7n{ frame to the
X1x,x3 frame is described by the Euler angles ¢, 6, .
The components of the electric field in the rotating
frame, E = E X‘7-+2”2 + Egiy + E_ %’2, are given by

N 1+cos®  —isind  1—cosf .
E eV 2 N 2 E e
i~ _ —isinf isinf
Eo' = NG cosé N E; -
E 6“’0 1—cosf isind 1+cosf E e‘“ﬁ
- 2 N3 2 -

®)

For a symmetric top molecule the angles ¢ and ¢ change
linearly with time while the angles 8 and € do not change
during free propagation. Thus it is clear from Eq. (8) that in
the reference frame comoving with the molecule each
component of the electric field, E., and EO, consists of
three monochromatic waves with frequencies of the form

W,y == ph—qo, 9)

where p and g can take the values p, g = 0, =1. Since only
the field £ along the molecule axis x5 is absorbed, we can
write the absorption probability using Eq. (8) as

1 [sin%6
Y = [ 3 1+ aeospPotny)
cos?@sin’
The frequencies w,, can be expressed in terms of the

variables M3 and M|, M = /M3 + M3, using the kine-
matic relations

poMs My

M
) cosh = —>. (11)
Iy I I

M
Equations (9)-(11) define the absorption probability
as a function of the phase space coordinates I' =
{p, M5, M |, B}. This probability is peaked when the reso-
nance condition p + g = w — w, is satisfied. In terms
of the variables M;, M| the resonance condition is

PM3(IL/Is = 1) + qyM5 + M7 = 1 (@ — wy).

We note that the light absorbtion probability Eq. (10)
contains a term that is linear in cos8. The corresponding
optical transitions produce a nonequilibrium distribution
function that is odd in the component of the angular
momentum along the light propagation direction, M.
Subsequent collisions of the chiral molecules with the
buffer gas result in a net flux of the molecules along the
Z axis.

In order to obtain an estimate for the magnitude of the
effect we consider the simplest case when the relaxation
time 7,, from excited to ground state is the shortest time in
the problem. Here 1/7%¢(T") = [dI"w#¢(I',T"). Then in a
stationary state we get from Eqgs. (2), (3b), and (4b)

fe) = wsMIYD)FEM), (12)

while the Boltzmann equation for the ground state distri-
bution function becomes

F5(T) [ AT e (T:T) — [ AT wes (T ") 75 (T")
_ I[—Y(F) FET) + [ AT wee (T ") 7¢¢(T) Y (I') fg(r/)].

In our approximation the molecules in the excited state do
not contribute to the total flux of chirality, i.e.,
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i — [ vF#(I)dT.

Thus we are interested only in the anisotropic in v part of
f#8(I'), which can be estimated as

jo~ T T / dTdTVY () fE (1)
X [wse(T, T)7¢¢(I") — wee(T, T)78s(TY]. (13)

Here we introduced the relaxation time for scattering of
chiral molecules in the ground state, 758, and the momen-
tum relaxation time, 75°.

A rough estimate for the chiral current Eq. (13) can be

written as

Je ~ vrn (BT ,) (W8 T8¢ — SW8ET8S)

I7,
~ vp——(6W8eT8¢ — SW88788), (14)
(ho
Here n, is the concentration of the chiral molecules,
vy is their thermal velocity, ¢ is the absorption length
of the light, and B~ n;'I [dUY(D)fy(T') is the rate
of the optical transitions in an individual molecule.
Here we introduced the ‘“‘chiral part” of the scattering
rate  as OW$ = (Bn.vy)~! [dldl"z - v[ws([;T") —
w8 (TP, T'P) ] (T)Y(I) I, with a=e/g. Thus SWsersd
is a dimensionless measure of the degree of chirality of the
molecules (we are not aware of any studies of this quan-
tity). Equation (14) holds at small enough intensities of
radiation, when f < f,,. At large intensities the magnitude
of the effect saturates, and the maximum flux of chiral
molecules is of order

j(max) — anC(%)((SWge — Bng)T;gjg, (15)

We note that relative signs of 6W¢¢ and 6W#8, as well as
the sign of the chiral current, are arbitrary and depend on
the structure of the molecules.

The effects considered above are direct analogues of
photogalvanic effects in noncentrosymmetric crystals.
There are two types of photogalvanic effects; the first
one is associated with a transfer of momentum from light
to electrons, and its magnitude is proportional to the mo-
mentum of light. The analogue of this effect, which is
associated with transfer of angular momentum of electro-
magnetic field to molecules in classical gases and liquids
has been considered in Refs. [13-16]. The second type of
the photogalvanic effects exists only in noncentrosymmet-
ric crystals and is not proportional to the momentum of
light [17-20]; since the momentum of light is small the
magnitude of this effect is generally bigger than that of the
first one. The photoinduced drift of chiral molecules di-
luted in a buffer gas considered here is an analogue of the
second type of photogalvanic effect.

There exists also an analogue of the linear photogalvanic
effect [17-20]. Namely, in the presence of a magnetic field

a flux of chiral particles exists even if the electromagnetic
field is linearly polarized or unpolarized,

Jex = @.HPj; + B.(P; + Pj)H,.

The photoinduced chiral drift also exists when chiral mole-
cules are dissolved in a liquid. Photoinduced propulsion of
molecules in this situation can be described in the frame-
work of hydrodynamics. These two aspects of the phe-
nomenon will be considered in a separate publication.
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