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The technique of field applied molecular dynamics computer simulation is used to investigate the picosecond molecular
dynamics of static and dynamic electric polarisation due to a laser field. A pulse of intense, circularly polarised,
electromagnetic radiation is applied to a sample of chiral molecules and the molecular dynamics analysed statistically with
time correlation functions computed in the presence of the laser. The effect of the laser on the molecular dynamics was
animated and analysed visually. These dynamics measure the interaction between the imaginary part of the dynamic
electronic polarisability and the conjugate product IT* of the laser. When the laser frequency is tuned to the THz region
(corresponding to picosecond time scales of the natural molecular dynamics) the computer simulation shows the presence
of frequency dependent magnetisation, measured by the t— o level of the component of the angular momentum
correlation function in the axis of propagation of the laser. In general, the details of the molecular dynamic response are
very sensitive to the frequency and intensity of the laser.

1. Introduction

Intense electromagnetic radiation produces a rich variety of non-linear effects in a molecular
ensemble. “Non-linear” in this context refers to the functional dependence of the experimental
observable on the electric field strength (E in volts/m) and the magnetic flux density (B in tesla) of the
applied electromagnetic field (an intense laser beam). The inverse Faraday effect, for example, is
magnetisation due to a circularly polarised laser, and was first predicted theoretically by Pershan [1]. It
was later measured by Pershan and co-workers |2, 3] to be about 0.01 A/m for an intensity of about
10" W/m® Further theoretical work was reported by Atkins and Miller [4], and the effect is briefly
described in textbooks by Shen (5] and Atkins [6]. The methods used by Wozniak and co-workers [7~9]
based on molecular property tensor.methodology developed by the Kielich school [10] can also be used
as a description of the inverse Faraday and related non-linear optical effects [11]. Recently, Wagnicre
[12] has provided a clear comparative analysis of the inverse Faraday effect, together with analytical
expressions in diamagnetic and paramagnetic materials [13] from quantum perturbation theory.
Feynman diagram analysis by Wagniére [13] and symmetry analyses by Evans [14-16] have placed it in
the context of several other related non-linear optical effects, at increasing order in E and B. Among
these [13] is inverse magnetochiral birefringence; and “dynamic polarisation”, introduced by Evans and
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Wagniére [17]. The latter is electric polarisation due to optical rectification in a laser, and is investigated
in this paper with field applied molecular dynamics computer simulation [18-20].
The original paper by Pershan [1] defines the inverse Faraday effect in terms of the conjugate product

O*"=-E! XE_ =Ej xEg=-2E}ie, (1)

of a circularly polarised laser. Here L and R denote left and right circularly polarised light, respectively,
and [13]

Eli. = EO(ex * iey) ’ E; = EO(ex + iey) . (13)

The conjugate product IT* is negative to motion reversal T and positive to parity inversion P [14-16]
and therefore has the same fundamental symmetries as magnetisation. Using perturbation theory [13] it
can be shown that the effect exists both in paramagnetic and diamagnetic materials of chiral and achiral
molecular symmetries. Pershan et al. [1-3], and WozZniak and co-workers [7-9] have shown that it is
mediated by a similar type of the molecular property tensor [11] to the original, or forward, Faraday
effect, which is circular dichroism due to static magnetic flux density. The inverse Faraday effect may
therefore be thought of as the induction of a T negative, P positive molecular magnetic moment (m) by
the laser’s conjugate product IT*. Since IT* and m have the same T and P symmetries, it becomes clear
that this induction must be mediated by a molecular property tensor which is itself 7 and P positive. It
can be shown [14-16] that the induction of m by IT* also satisfies the Wigner principles of reversality
and parity conservation [21, 22], which consequently allow the effect to occur in achiral ensembles such
as water without P violation. This was demonstrated experimentally by Pershan et al. [2,3]. The
relation between the Faraday and inverse Faraday effect is seen particularly clearly through the fact that
IT* has the same positive P and negative T symmetries as the static magnetic flux density B. The same
symmetry considerations have led recently {23, 24] to the inverse Zeeman effect and optical resonance
effects akin to NMR and ESR.

The task of simulating the molecular dynamics associated with the induction of m by " is best
described through the torque set up between the induced magnetic dipole moment m and the magnetic
component B of the circularly polarised laser field. This is described in section 2. Other non-linear
optical effects can be simulated with different types of torque. For example, inverse magnetochiral
birefringence [13] is described in section 2 through the torque between B of the laser and the molecular
magnetic dipole moment induced by a second type of conjugate product

II,=E; XB_ =Egx X By =2E Bge,, (2)

that of the inverse magnetochiral effect [13] introduced by Wagnicre. The product IT, differs in several
important respects from the counterpart responsible for the inverse Faraday effect. Firstly, II, is
negative to parity inversion P, while IT* is positive. This implies that inverse magnetochiral birefring-
ence and dichroism is sustained in the absence of parity non-conservation only by chiral molecular
symmetries. Secondly, IT, is negative T [24], so that the molecular property tensor responsible for the
induction of a molecular magnetic dipole moment by II, is T positive, P negative, and not T positive, P
as in the inverse Faraday effect. Thirdly, I, is real while IT* is imaginary, so inverse magnetochiral
birefringence requires the real, rather than imaginary, part of a mediating molecular property tensor
[13]. (From semiclassical theory [25] molecular property tensors in general contain both real and
imaginary parts, both in the presence and absence of resonance effects. The real part of the electronic
molecular polarisability, for example, is T positive, P positive, and the imaginary part is 7 negative, P
positive.) ‘ :
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“Dynamic polarisation” is described (section 2) through a torque generated by the electric compo-
nent of the electromagnetic field and an induced electric dipole moment, p, produced by the conjugate
product IT* [17,26]. The induced electric dipole moment is T positive and P negative, whereas IT* is T
negative and P positive, and in consequence [17] induction of u by H* can be sustained only in chiral
ensembies, through the T negative imaginary part of the molecular electronic hyperpolarisability. This
rank three tensor, which is antisymmetric in the exchange of its last two subscripts, is non-zero in odd
electron chiral molecules, or in atoms, where there is net electronic angular momentum. In the
computer simulation of dynamic polarisation it is therefore necessary to use an electrically non-dipolar,
chiral, odd electron molecule to isolate the effect of electric polarisation due to optical rectification
from the strong first order torque generated between the permanent molecular electric dipole moment
and E of the electromagnetic field.

Section 3 describes details of the molecular dynamics computer simulation of the dynamic polarisa-
tion; and section 4 is a detailed statistical analysis of the picosecond molecular dynamics of these
non-linear optical effects in terms of a variety of time correlation functions. The latter may be divided
into two broad categories, auto- and cross-correlations, both being used to characterise the effect of the
laser on the ensemble molecular dynamics. Animation [27] has also been used during the course of this
work to provide direct visual evidence of the molecular dynamics changes produced by the three types
of torque. Section 5 is a description of the changes in the z component of the angular momentum
autocorrelation function, where z is the propagation direction of the laser. This is proportional to the
square of the ensemble averaged induced magnetic dipole moment, and is shown in section 5 to be
particularly sensitive to small changes in the frequency of the applied laser in all three effects, thus
signalling the presence of a previously unidentified type of laser frequency dependent, or dynamic,
magnetisation. The latter originates in the phenomenon of electric polarisation due to optical
rectification through the nonzero angular momentum imparted in the z (laser propagation) axis to the
chiral molecular ensemble, for example by the spinning electric field vector part of the torque

T=—puXE 3)

between the induced electric dipole moment and the electric part of the laser field. In the inverse
Faraday effect it is due to the net angular momentum imparted by B, the spinning magnetic component
of the laser, through the torque

I,=—mXxB, (4)

where the induced magnetic dipole m is due to the conjugate product IT® In the case of inverse
magnetochiral birefringence, IT" of the inverse Faraday effect has to be replaced by IT,.

The dynamic magnetisation manifests itself through the fact that the angular momentum z component
autocorrelation function is nonzero as t— %, where ¢ is the time. This limiting value is proportional
through the classical gyromagnetic ratio to (m'”)? where m'® is the induced dynamic molecular
magnetic dipole moment. When the external laser frequency is tuned to the THz frequency scale
(picosecond time scale accessible to the computer simulation), {m'®)? becomes very sensitive to this
frequency f, and is maximised at an optimum f. Details of this are given in section 4. Finally, a

discussion section describes a possible experimental set-up for the observation of these effects.

2. The torques

The technique of field applied molecular dynamics computer simulation relies on a simple but useful
modification of the forces loop of a standard molecular dynamics algorithm (of any type, {28}) to add in
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the torque set up between an applied field of force and the appropriate molecular property (the arm of
the torque). The technique was first introduced [29--32] for the interaction of a static electric field with a
permanent molecular electric dipole moment. Here, the electric field is the force, and the dipole
moment is the arm. In this context, the technique yielded new insight [29-32] to the dielectric
relaxation and its high frequency adjunct, the far infrared [33] rise and fall transients, the Langevin and
Kielich functions, the non-Markovian dynamics, the decoupling effects, the cross-correlation effects and
a variety of other phenomena summarised in reviews [34,35]. It was later extended to circularly
polarised electromagnetic radiation [36—38] interacting with chiral and achiral molecular ensembles, and
produced new insights summarised conveniently in a forthcoming long review, ref. [39]. In this case the
arm was again a permanent electric dipole moment, but the externally applied force was the spinning
electric field component of an electromagnetic plane wave.

Recently, Evans and Wagniere [17] have initiated the field applied simulation of non-linear optical
effects. In this case, the arm is an induced dipole moment, which may be electric or magnetic. The
induced dipole moment forms a torque with the electric or magnetic components of the electromagnetic
field. Details of this torque have been given by Evans [26] and the effect has been animated [27] by the
visualisation unit of Cornell Theory Center. The animation (on video) is available for general
distribution [27] with descriptive sound track, and provides a direct visual description of the effects of
the laser field [17] on 108 molecules of (S) bromochlorofluoromethane.

2.1. Static electric polarisation due to optical rectification

We consider a transparent isotropic medium composed of like molecules in which a left circularly
polarised light wave (see eq. (A.1) in the appendix) with electric field

E " =FEye, * ie,) (5)

propagates in the z direction of the laboratory frame (x, y, z), inducing in each molecule the static
electric dipole moment (see the appendix)

u’i:Bilijjk +iB§}kHﬁ (6)
leading to the static electric polarisation

PizN[<Bink>ij+i<BZk>H;\k > (7)
where ( ... ) indicates a statistical average and N is the number of molecules per unit volume. The first

term in eq. (7) vanishes after averaging because of symmetry with respect to permutation of the two last
indices in 8, and we have

N "
Pi = _g leaB'y BaB‘ny\ ’ (8)
with
e = e, 115, (9)

or in vector notation

HAZE‘XE+, (10)



M.W. Evans et al. | Picosecond molecular dynamics of electric polarisation 361
where €, is the Levi Civita third rank antisymmetric unit tensor. Using (A.9) of the appendix we have
_N " "N +
- ?(3123+Bz31+3312)1(E XE"). (11)
For the optical wave (5)
H*=E xE* =-2iEle,, (12)

and it follows that the electromagnetic radiation produces

N " " "
Pz:§(3123+3231 +3312)E(2)- (13)

This shows that static electric polarisation can be induced by a circularly polarised laser in a system
composed of chiral, odd electron molecules with a degenerate electronic ground state.

2.2. Dynamic electric polarisation due to optical rectification

In this section we describe dynamic polarisation due to the antisymmetric part of the product E ; E;
only, i.e. due to H . of the appendlx The real part of the induced electric dipole moment interacts w1th
the real part of the electric field E~ to produce a torque on each molecule

T=-uxE~, (14)
with (see the appendix)
=BT (15)

If the circularly polarised light propagates in the direction of the z axis of the laboratory frame of
reference (x, y, z) (eq. (5)), then

a Jo -1 o0
A=iEJ1 0 0]. (16)
0 00

In the molecule fixed coordinate system (1, 2, 3)

o =Bl T4, L (17)
where
Hgv = eﬁjevknﬁc s S (18)

with e,; denoting the cosine of the angle between the B axis of the frame (1, 2, 3) and the j axis of (x, y,
z). Using the purely geometric relations

€€y T €2,€3, = €y,
€3,€1y T €3,€1, = €5, ) (19)

elery - elyeZX = 632 ’
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we have

0 _—631 622
My =igs| e 0 —ep. (20)
—e,, e, 0

z

Taking into consideration (A.9) and (20) we have the induced electric dipole moment

” 2

m =2e BinEs,
" 2

My =2e,, B3 Ep 21
" 2

By =2e;,B3,E,

and the torque

2[es, B3, Re(Ef) — e, By Re(Ef)] s
2[e,, B RC(E;:) —e5,B%; Re(Elt)] ’ (22)
2[e,, B, RC(E;:) —e,,B1 Re(E;)] s

T,
TZ
T3
given in frame (1, 2, 3), with

EY

*
elx ely €, Ex
ES (=€, €, e E* (23)
. €5, €3, €4 Y
- X F4
E: y 0

The torque (23) is finally back-transformed into the laboratory frame (x, y, z) using the inverse
transformation matrix of (23)

T,=e,T,. (24)

The laboratory frame torque (24) is computed in the forces loop of a molecular dynamics algorithm at
the point where the net intermolecular torque is calculated for each molecule, so that the total torque is
the sum of the net torque on a given molecule due to other molecules plus the externally applied torque
(24).

Note that the torque involves the imaginary part of a rank three electric hyperpolarisability tensor. In
general, this has 27 elements. The work of Kielich, Wozniak, and co-workers [10, 40-42] reduces these
to n independent elements, depending on the molecular point group symmetry. Since non-linear laser
induced polarisation of this type necessarily deals with chiral symmetry, we restrict our attention to the
chiral molecular point groups. In order to isolate effect 1 from strong first order effects (see the
introduction) we must consider electrically nondipolar chiral point groups. An example is a two bladed
propellor shaped molecule (see section 3) of point group D,. In this point group there are three
non-vanishing independent elements of the tensor B, {10, 41].

The induced electric dipole moment in the molecule fixed frame can be expressed in terms of these
independent elements as in eq. (21).
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2.3. The inverse Faraday effect

The equivalent torque for the inverse Faraday effect is developed in much the same way, with
important differences. Firstly, the inverse Faraday effect is sustained in both chiral and achiral
molecular ensembles, paramagnetic and diamagnetic, indeed for all molecular point groups. Secondly,
the torque of the inverse Faraday effect is

T,=—-mxB, (25)

where m is a magnetic dipole moment induced by the conjugate product (IT) and B is the magnetic part
of the electromagnetic plane wave, given in standard IUPAC notation by

B! =B, (j+ii)e'®, Bg=B,(j—iie'r,

‘ ‘ (26)
L= Bo(i— ii)e_l¢L » Br=B,(j+ ii)e_ld’R .
The induced magnetic dipole moment is given in general by
=(b.g, + 1baBy)EBEy , 27

where the tensor b, is T and P positive. The conjugate product (1) is the antisymmetric part of the
general tensor product E,E . The symmetry properties of the rank three tensor baB have also been
investigated for all the molecular point groups by the Kielich school [9-11}. For a chiral D, molecule, it
has three independent elements, and m reduces to

m,= 2E(2)elz bl s
m,=2Eze, by, , (28)
= 2EOe3z b3,

in the molecule fixed frame of reference. In an achiral T, symmetry spherical top, such as CCl,, there is

only one independent element of b_, , given by

blys= by = bl = —bhis=—bly, = —b%y, (2%9)
and the molecule fixed frame torque of the inverse Faraday effect becomes
m, =2E§elzb’1’23,
=2FE%e, b},
=2EZe,, b}, .

Finally, B is transformed into the molecule fixed frame, and the torque is transformed back into the
laboratory frame as for effect 1.

2.4. Inverse magnetochiral birefringence

The torque is between the magnetic dipole moment induced by the conjugate product (2) and the
spinning magnetic field of the electromagnetic plane wave
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T=-mXN. 31
The induced magnetic dipole in the laboratory frame is, in general

m; = b;ijkEjBk > (32)

and the conjugate product (2) is the antisymmetric part of the tensor product E,B,. The product (2) is
independent of circular polarisation [13] but is negative to T and P [24]. Inverse magnetochiral
birefringence is mediated therefore by the real part of a molecular property tensor which is P negative
and T positive.

It becomes clear, in summary, that the molecule fixed frame torques for these non-linear optical
effects depend on elements of molecular property tensors. In general, these are unknown experimental-
ly, but are increasingly accessible to ab initio computation [43, 44]. Quantum mechanical expressions
for these elements are also available [13,45] from perturbation theory, within whose framework
resonance effects can be incorporated [45]. The torque therefore forms a useful link between quantum
and classical approaches to non-linear optics and molecular dynamics.

3. Computer simulation method

Molecular dynamics computer simulation was used with a modified forces loop, in which the torque
was supplemented, as described in section 2, with a component due to the applied external field. This
modified molecular dynamics technique is well described in the literature [29-39]. The Cartesian
components of the external torque are coded in to the forces loop at an instant ¢, and the sample
allowed to regain equilibrium in the presence of the torque. This process involves several thousand time
steps, which describe the rise transient, and Langevin and Kielich functions of various orders [29-32].
Re-equilibrium takes place through a thermostatting routine, which dissipates the rotational and
translational kinetic energy (temperature increase) generated by the applied torque (the vector product
of the external force and molecular arm). After completion of the re-equilibration process the ensemble
is in “‘field-on equilibrium”. In this condition, the molecular dynamics may be investigated visually by
animation [27], and the sample is in a statistically stationary state, suitable for the computation of time
correlation functions by running time averaging [29], over a minimum of six thousand time steps. Time
correlation functions are generated out to a maximum of 400 time steps from the origin, ¢ = 0, for good
statistics. If the external torque is removed at the end of the field-on equilibrium interval, a fall
transient is generated [34,39]. Comparison of rise and fall transients produces information on the
statistical nature of the molecular ensemble 34, 35}.

The foregoing summarises the essential differences between our technique and standard molecular
dynamics computer simulation.

3.1. Dynamic polarisation

Dynamic polarisation, as we have seen, requires an ensemble of chiral, paramagnetic molecules. Its
isolation from first order effects requires that the molecule be electrically non-dipolar. To conform with
these requirements, and to keep the consumption of supercomputer time to a reasonable minimum, we
have selected the D, symmetry of bicyclopropene in a staggered conformation, with one ring at 45° to
the other (a two bladed propeller). In this conformation, two enantiomers are generated. Each
enantiomer was represented by six Lennard—Jones CH moieties, so that the total intermolecular
potential was a six by six Lennard—Jones site—site potential with Lorentz—Berthelot combining rules
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e/k(CH)=158.0K; o(CH)=38A. (33)

The molecule can be represented more accurately by separate C and H Lennard—Jones sites, but at the
expense of greatly increased computer time consumption. The paramagnetism was assumed to be
generated by the = ring electrons, but clearly, the quantum nature of paramagnetism cannot be
represented in a purely classical simulation, and our primary concern is to simulate the dynamic
polarisation effect for a specific molecular point group, D,, and to analyse the field on dynamics in
terms of classical time correlation functions.

With this potential, and for a sample consisting of 108 molecules with periodic boundary conditions
[34, 35, 39], a value of 1 + 100 bar of pressure was generated at field off equilibrium for an input molar
volume of 0.0014m>; and an input temperature of 293 K. The large uncertainty in the pressure is
characteristic of standard constant volume molecular dynamics simulation {35]. The potential energy
[35, 39] of the sample in this condition was —77 kJ/mol.

“Baseline” time correlation functions were computed over three segments, each of 6000 time steps,
at field free equilibrium for direct comparison with their counterparts at field on equilibrium. The
correlation functions can be categorised generally as autocorrelation functions, of type

Cauo(t) = (A1) A,(0)) /(A%(0)) (34)

and cross-correlation functions, of type

Ceross() = (A () AL0)) 1({ A7) (A%, (35)
or of type
Cas(t) = (A(1)B;(0)) /({A])"*(B})'"), (36)

where A and B denote two different molecular dynamical vectors. For example A may be the linear
center of mass velocity and B the angular momentum. Note that most of these time correlation
functions are damped out in about 400 time steps, so that running time averaging over 6000 time steps
provides good statistics. The noise level may be judged from a baseline autocorrelation function such as
that in fig. 1, showing three different Cartesian components of a nominally isotropic ensemble. (Thus, if
there were no noise at all, these component autocorrelation functions would have an identical time
evolution.) The time step was 0.005 ps (5 fs), and the correlation functions were computed using records
separated by two time steps (0.01 ps) for several different molecular dynamical properties. The latter
included: (i) the molecular angular momentum, proportional to the molecular magnetic dipole moment;
(ii) the molecular orientation, described by unit vectors in the principal moment of the inertia frame;
(iii) the time derivative of the orientation, known as the molecular rotational velocity, the Fourier
transform of whose time correlation function is the far infrared power absorption coefficient [33]; (iv)
the molecular center of mass linear velocity. Cross-correlation functions were constructed between the x
and y components of these vectors at field on equilibrium.

The field on molecular dynamics were investigated visually with video animation in cooperation with
the visualisation unit of Cornell Theory Center [27]. This animation is available for distribution from
IBM, and is described briefly in section 4. Molecular dynamics data generating runs, thermodynamic
analysis, and computation of correlation functions were carried out on the IBM 3090 supercomputer of
ETH, Zurich. The graphical analysis was carried out on the mainframe computer of the University of
Zurich, Irchel, and the animation analysis by satellite “sendfile” transmission to Cornell University,
where “Wavefront” software was utilised on the Theory Center’s IBM 3090-6S mainframe supercompu-
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Fig. 1. Rotational velocity autocorrelation functions, laser-off equilibrium, Cartesian components computed over 6000 time steps
each.

ter, IBM RISC 6000 workstation parallel processor network and homegrown animation apparatus,
designed for this work by Mr. Chris R. Pelkie.

The runs completed at field on equilibrium are summarised in table 1 in terms of applied laser
frequency (in THz) and the energy (in kJ per mole) imparted by the laser to the molecular ensemble.
Experimentally these energy levels are accessible with contemporary picosecond of femtosecond mode
locking laser technology [46-50]. In the absence of experimental and/or ab initio data for the mediating
scalar elements of the torque, the following relative values were used

(Bl2s = Bis2) : (Bys = Bas) 1 (B2 — Bay) = 1:2:3. (37)
3.2. The inverse Faraday effect

As far as the authors are aware, this is the first attempt at computer simulation of the inverse Faraday
effect, which was stimulated for the two bladed propeller shaped molecule described already (staggered
bicyclopropene). Some work was also completed for the T, symmetry carbon tetrachloride molecule,
and the C,, symmetry water molecule, and will be reported fully elsewhere. The site-site potential for
water [51,52] was based on a modified ST2 [53-55]. Atom-atom interactions were modelled with
Lennard-Jones and partial charge interactions, and the two lone pair electron sites with charge—charge
interactions. This potential has been compared extensively with the ab initio water potentials of
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Table 1
Potential energy (kJ/mol) vs. laser fre-
quency in THz.

Potential energy Frequency
=77 0
=55 1.7
-53 1.8
—63 20
—68 2.5
=71 3.0
4.0
-59 10.0

Clementi and co-workers [56-61]. While no water potential has been devised that is capable of
describing the complete range of available experimental data for water and the ices [62], our model is
considered as satisfactory for our purpose, which is the investigation of the fundamental features of the
molecular dynamics of the inverse Faraday effect in water. In this context, even if a “perfect” water
potential existed, our simulation would still be constrained by lack of experimental and/or ab initio data
on the tensor elements which are needed to define the torque (section 2). Indeed, there has been only
one experimental investigation to date of the inverse Faraday effect [2, 3], despite the fact that it is a
“textbook” phenomenon (5, 6]. There appear to be no ab initio computations to date of the molecular
property tensor mediating the inverse Faraday effect. This can be accomplished in principle with
contemporary software such as HONDO [63]. The following relative values of the scalar molecular
property elements appearing in the torque were used for the three molecules

(bY; — bisy): (b231 bj;): (b%,, — b3, ) =1:2:3 (bicyclopropene) , (38)
(blos— bl3): (b231 - 213) (b5, — blyy) =1:2:3 (water) , (39)
( 123 132) (b231 213) (b312 321)_1 1:1(CCl, ). (40)

The intermolecular potential for carbon tetrachloride was a Lennard-Jones five by five site—site
model described in the literature [64, 65]. In this case there exists only one independent component in
the torque (section 2).

At field off and field applied equilibrium, a set of auto- and cross-correlation functions was computed
over segments of 6000 time steps for different laser frequencies and equivalent energies using 108
molecule ensembles for the three molecules. A wide variety of results was obtained, which were
analysed graphically. The complete set of graphical data (several hundred correlation functions) is
available on request, and the major results are described in section 4. The same time step of 5.0 fs was
used throughout, and the time correlation functions built up using records of data every two time steps.

3.3. The inverse magnetochiral effect

This non-linear optical effect is sustained (section 2) only by chiral ensembles, and our two bladed
propellor shaped molecule was used as a convenient model of a D, symmetry chiral molecule. (In this
context it is also possible to use the lower (C,) symmetry enantiomers and a racemic mixture of
bromochlorofluoromethane [26, 66], whose molecular dynamics have also been animated [27, 67].) The
same general methodology was used as for the other two non-linear optical effects, and results will be
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fully discussed elsewhere for laser frequencies and imparted energies for 108 molecule samples over
6000 field-applied time steps. The ficld-applied molecular dynamics were analysed with sets of time
correlation functions. The following relative values of scalar elements were used in computing the
torque

(b{,123 - b{,132) : (b;,231 - b1’,213) : (b;,312 - b1’,321) =1:2:3. (41)

4. Results
4.1. Dynamic polarisation

The statistical analysis was carried out at up to twenty different laser frequencies in the range 30 to
3000 THz. At each frequency, correlation functions were evaluated in Cartesian components, each
component representing a running time averaging over at least 6000 time steps. The complete data bank
is available for distribution on request.

Animation analysis on the same trajectories (available for distribution on request) at Cornell Theory
Center revealed that a major effect of the laser is to spin the molecular angular momentum vector
about the propagation axis z. This sets up cross-correlation functions between the x and y components
of the angular momentum. A typical result is given at five selected laser frequencies at constant
intensity in fig. 2, which illustrates the function

Coi) = (J{0)3,(0)) (42)
J\O) T N2 2N 12
IO

Time cross-correlation functions were also observed from the field applied statistical analysis for (i) the
rotational velocity; (ii) the laboratory frame component x and y of the orientational unit vectors of the
molecular principal moment of inertia coordinate frame. Much weaker cross-correlations were also
observed for the center of mass linear velocity x and y components, showing that the rotational motion
imposed by the circularly polarised laser is weakly correlated with the molecular center of mass
translation [34, 35, 39}].

Animation analysis showed that the rotational motion of the angular momentum vectors of each
molecule of the ensemble is in competition with the background “Brownian’ motion [33, 39] of the
ensemble. For intense, high frequency applied laser pulses the imposed rotational motion dominates,
and vice versa for weaker, lower frequency, pulses. The statistical effects corresponding to the
animation are illustrated in fig. 3, which shows the behaviour of the z component angular momentum
autocorrelation functions at five selected frequencies at constant laser intensity. Here, z is the laser
propagation axis. The frequencies chosen are the same as those in fig. (2), and are compared with the
“baseline” (field off) angular momentum time autocorrelation functions of z, y, and x laboratory frame
components. It is clear from fig. (3) that the angular momentum correlation functions acquire a
characteristic highly oscillatory pattern, and reach a significantly nonzero level as ¢— . This is
proportional to the square of a dynamic magnetic dipole moment, {m‘?)% The value of {(m®)? is
strongly dependent on the applied laser frequency, f. This is discussed further in section 5. The x and y
components of the field applied angular momentum autocorrelation functions under the same condi-
tions are highly oscillatory about a zero r— value. Both the oscillation patterns observed and
oscillation amplitudes are critically dependent on the laser frequency, small changes in the latter
produce large changes in the observed patterns. Animation analysis shows that for different laser
frequencies and intensities, the laser induced rotational motion of the angular momentum vector about
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Fig. 2. (cont.)

the z axis may or may not dominate the background “Brownian motion” (which persists at field free
equilibrium and which is represented, for example, by fig. 1). The two types of motion may or may not
be clearly distinguishable by visual analysis alone, without recourse to statistical analysis at each laser
frequency. The latter reveals (as sampled in figs. 2 and 3 a very rich variety of resultant behavior, which
is extremely sensitive to small changes in laser frequency when the latter is tuned to the THz range.

The equivalent effect on the orientational autocorrelation functions is illustrated for the same small
sample of five frequencies in fig. 4; and a sample of orientational cross-correlation functions between x
and y components of orientation in fig. 5. The “‘baseline” orientational autocorrelation functions are
also given in fig. 4, and the “baseline” (i.e. field off) orientational cross-correlation functions vanish for
all . The most characteristic features are (i) the development of strong orientational anisotropy; (ii) the
development of x to y statistical cross-correlation, the xy and yx cross-correlation functions being mirror
images. This anisotropy is accompanied by the development of nonzero second order orientational
averages such as (e’,), where e,, represents the z component of an orientational unit vector in any of
the three principal moment of inertia axes of the molecule. Averages such as this were monitored over
the 6000 time steps in the field applied condition. The clearly visible rotational motion of the angular
momentum vectors of the 108 molecules in the animation does not work its way through to orientation
(direct visualisation of molecular motion and interaction), so that although an animation of the motions
of the molecules themselves reveals a visually discernible change in the dynamics as the laser is ayplied,
correlation function analysis [27] is needed to probe further into the nature of these changes (figs. 1-5).

Of direct experimental interest is the dynamic polarisation effect of a laser on the rotational velocity
time correlation function, which is defined as
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Fig. 3. As for fig. 2, autocorrelation function of the z component of the molecular angular momentum, z being the propagation
axis of the laser.
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(6,(1)é,;(0))
Crv() = W”(#W , (43)
1i 1j

where e, is a unit vector in the principal moment of inertia axis 1 of the diffusing molecule, and é,
denotes its derivative with respect to time [33]. The Fourier transform of the rotational velocity
autocorrelation function is proportional to the far infrared power absorption coefficient [33], which is
directly observable by interferometric spectroscopy. Figures 6 and 7 show some of the characteristic
oscillation patterns set up in the Cartesian components by the dynamic polarisation effect. The z
component autocorrelation function is markedly different in time dependence from the other two (x
and y component functions), but, unlike the angular momentum counterpart, does not attain a nonzero
level as t— . Strongly oscillatory rotational velocity cross-correlation functions are shown in fig. 7, the
xy and yx components being mirror images. The baseline (field off) correlation function is shown in fig.
1.

The statistical analysis of the rotational velocity in the dynamic polarisation effect is supported by an
animation analysis, which shows a clearly visible spinning motion about z of the rotational velocity
vectors of the 108 bicyclopropene molecules. The spinning becomes more or less prominent, depending
on the laser frequency.

In summary, we have characterised the dynamic polarisation effect with a comprehensive set of
correlation functions which forms the basis of our statistical analysis of the molecular dynamics. In
general terms the anisotropy and oscillation frequency of the correlation patterns reveal an intricate
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Fig. 4. As for fig. 2, the x, y and z components of the orientational autocorrelation functions at a sample of five laser frequencies.
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Fig. 4. (cont.)

dependence on the frequency of the laser. Similarly, the dynamic magnetisation shows maxima and
minima (section 5) as a function of laser frequency for constant laser intensity and circular polarisation.
Copious evidence has been gathered from statistical correlation analysis and animation for several novel
aspects of the non-linear optical effect labelled “dynamic polarisation”. The possible experimental
observation of these effects is discussed later in this paper.

4.2. The inverse Faraday effect and the inverse magnetochiral birefringence

It is clear that the form of the torque for the inverse Faraday effect and inverse magnetochiral
birefringence is numerically the same as that for the dynamic polarisation, so that it is possible to
conclude immediately that the intricate pattern of molecular dynamics analysed in figs. 1 to 5 and
generated by the laser will also be present in the inverse Faraday and magnetochiral effects. This will be
discussed further elsewhere.

5. Dynamic magnetisation

The static and dynamic electric polarisation due to the conjugate product IT* of the laser is
accompanied by a hitherto uncharacterised effect of laser induced magnetisation which has been
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isolated in this work by computer simulation. This is named ‘“‘dynamic magnetisation”, and is measured
through the quantity {m'®)? of section 4. Table 2 records the unitless dynamic magnetisation

m,, = {m")’I{m3) (44)

as a function of laser frequency in THz. The function m,, has a complicated non-linear dependence on
laser frequency (f), and a plot of it versus f in THz is a spectral function which can be used to
characterise an odd electron chiral molecule in the dynamic polarisation effect, and, with broader
applicability, to characterise both diamagnetic and paramagnetic molecules, chiral or achiral, in the
inverse Faraday effect. Some simulations during the course of this work confirmed the presence of m,,,
both in the inverse Faraday and inverse magnetochiral effects.

The complicated dependence of m, on frequency is easily understandable, in qualitative terms, by
incorporating the torques of section 2 of this paper into a rotational Langevin equation [33], any
analytical solution of which for the angular momentum correlation functions would be a complicated
function of applied laser frequency. Such a Langevin equation is analytically insoluble, however, but
may be accessible, in future work, to numerical solution. Experimentally, a result such as that recorded
in table 2 appears to be potentially observable as a component in the frequency dependence of the
magnetisation [1] of the inverse Faraday effect. In this eventuality, computer simulation would be a
significant aid to interpretation. In some cases, as for the result of this section, computer simulation has
revealed the presence of a phenomenon not previously characterised theoretically or experimentally,
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Fig. 6. As for fig. 2, the z component of the rotational ve

locity autocorrelation function.
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Fig. 6. (cont.)
Table 2
Magnetisation m,,, vs. laser frequency.
Normalised Laser frequency
Liquid magnetisation (THz)
S Bicyclopropene 0.002 =0.02 30.0
0.025+0.03 300.0
0.10 *+0.03 450.0
0.55 =0.02 510.0
0.67 =0.03 540.0
0.54 =0.03 600.0
0.79 =0.03 630.0
0.76 =0.03 660.0
0.80 %=0.02 750.0
0.87 =0.05 840.0
0.80 =0.05 900.0
0.88 +0.05 1020.0
0.80 +0.02 1200.0
0.65 +0.02 1350.0
0.28 +0.02 1500.0
0.00 £0.05 1800.0
0.50 *+0.02 2400.0
0.90 +0.04 3000.0
Water 0.05 =0.05 300.0
0.02 =0.07 500.0
0.02 *+0.06 600.0

0.05 =0.03 1000.0
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Fig. 7. As for fig. 2, xy component of the rotational velocity cross-correlation function. The yx component is an accurate mirror

image at each frequency.
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but one which is easily understandable in terms of the competition between the angular momentum
imparted to a molecule by the conjugate products of a laser, and the natural, or “Brownian” [33]
molecular angular momentum.

6. Discussion

To observe static and dynamic electric polarisation due to the conjugate product of a pump laser, it is
necessary to adapt the well developed techniques available [33-35] for the optical Kerr effect. These
rely in general on pump and probe lasers. Static magnetisation due to the conjugate product IT* has
been observed by Pershan et al. [1-3], and is the inverse Faraday effect. Static polarisation (eq. (13)) is
observable in a much more restricted class of chiral, odd electron, molecules. The laser’s conjugate
product II* also produces dynamic polarisation in this class of molecules, and dynamic magnetisation
(section 5) in all types of molecules, because the latter accompanies the inverse Faraday effect as well as
the dynamic polarisation effect.

In the computer simulation of this paper, it has been necessary to tune the pump laser to the THz
range accessible to the picosecond time window of our rigid molecule simulation. In principle, there is
no difficulty in using a pump laser at the carbon dioxide laser frequency, together with a model of the
diffusing molecule which takes into account the intramolecular proper mode vibrations of the diffusing
molecule. This would produce a great deal of insight into the dynamics of, for example, the inverse
Faraday effect produced by an intense carbon dioxide laser at mid infrared frequencies.

Finally, a possible experimental approach to observing the picosecond scale molecular dynamics of a
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variety of non-linear effects is that involving the use of a pump laser, followed at picosecond intervals
by a probe. This method essentially monitors the fall transient [33-35] after the pump laser has
interacted with the ensemble and has been switched off. The probe, arriving a few femto- or
picoseconds later, measures the decay of the static or dynamic polarisation or magnetisation produced
by the pump. In this case visible frequency pump and probe lasers can be used, as in the optical Kerr
effect. Computer simulation can be used to interpret the experimental results from such an experiment.
Such a procedure allows a check of the accuracy of the simulation, which can then be used to produce a
data bank of information, and as in this paper, to try to detect the presence of previously uncharacter-
ised phenomena. In this methodology, experimental data, simulation, and analytical theory are used in
combination and in a complementary manner. The existing data on the inverse Faraday effect are
confined to the original experiment by Van der Ziel et al. [2, 3] who used a pulse of giant ruby laser
radiation of peak intensity ~10'"' W/m” to induce bulk magnetisation of 0.01 A/m in low temperature
doped glasses and in room temperature diamagnetic liquids with high Verdet constants. It would be
most interesting to extend this pioneering work and to investigate the frequency dependence of the
magnetisation of the inverse Faraday effect and to investigate the dynamic polarisation of the current
effect through band shape changes induced by the pump laser. These band shape changes are clearly
present through the effect of the laser’s conjugate product on time correlation functions such as the
orientational and rotational velocity correlation functions of this paper.

We will pursue this investigation in future work in more detail, using the FMD simulation of second
order rise transients induced in the inverse Faraday effect. These transients can be observed in principle
with a minor modification of existing optical Kerr effect apparatus for use with a circularly polarised
pump laser. With such apparatus it is possible to observe transients on a femtosecond scale, i.e. a time
scale directly comparable with computer simulation.

Work closely related to the inverse Faraday effect is currently underway in the group of Professor
W.S. Warren, Dept. of Chemistry, Princeton University. The experiment induces magnetisation in a
contemporary NMR spectrometer with a circularly polarised laser.
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Appendix
Matrix density formalism

An electric field

E=E exp(—i(wt—k-r)+E" exp(i(wt— k- r)) (A1)
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of the electromagnetic wave induces in a molecule a static electric dipole moment (using the Einstein
summation convention)

M; = Bi,‘kE;E: . (A.2)

Matrix density formalism {68] produces

Bijk = B;jk + lB:;k s (A.3)
where
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In[(pg) (e )i ( )i J(U+ K) ImfCp) (i ) (1)1 J(1 + K) } (AS)
(0, + 0 —iL o, + o +il}) (o, — 0 -1, e, — o +il}))° '

Here p is an operator representing the electric dipole moment,

(l"‘cr)a[E (all"‘all>
denotes an electric dipole transition between the states |/} and (al,

w, :wl_waz(El‘Ea)/ﬁ’

a

and p'? is the quantum mean value of the unperturbed density matrix in the stationary state |a). I}, "is
a characteristic relaxation time between the states |/) and |a), whereas

K=l — I, —Ea)/(wkl_irkl) (A.6)

is the correction term, which can be ignored in other cases whenever the combination of damping terms
in eq. (A.6) is small relative to the frequency w,, and which vanishes in the absence of damping, or if

1—;(1217«1_*_17(1‘
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From (A.4) and (A.S) we have the following relation
Bijk = B:';q . (A7)
When absorption is neglected, we have the particular case
Bi,jk = B[,kj ’ (A.8)
B:;k = “B:’,kj B (A9)

and all components of the tensors B’ and B” are real. Since E; E . can be split into symmetric and
antisymmetric parts

E;E; =1I; + I}, (A.10)
with

I, = Y(E;E, +E(E]), (A.11)

I, =3(E;E; —E.E]), (A.12)

Equation (A.2) can be written in the form
#;ZB;ij,S'k +iB;;kHﬁ . (A.13)

The cross terms B,JkH i and B 1T > vanish because of different symmetry with respect to permutation
indices j and k in tensors B’ and IT* or B" and IT>. The hyperpolarisability Buk (eq. (A.4)) exists in
general for diamagnetic as well as paramagnetic (odd electron) molecules, but 87, only for molecules
with complex wave functions (eq. (A.3)).
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