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A computer simulation of the inverse Faraday effect in a chiral and achiral ensemble has
shown the presence of dynamic magnetisation and second order orientational rise/fall
transients due to the conjugate product of a circularly polarised visible frequency laser
pulse. Neither effect is known analytically, and the simulated transients are potentially
directly comparable with experimental data using modified Kerr effect apparatus.

1. Introduction

The inverse Faraday effect (IFE) was first demonstrated theoretically! and experi-
mentally?? by Pershan and coworkers, and describes bulk magnetisation due to the
conjugate product of a visible frequency circularly polarised pump laser pulse.4
Atkins and Miller® later showed theoretically that the magnetisation is accompanied
by rotation of the plane of polarisation of a linearly polarised probe laser, such as
an argon ion laser. However, the latter has yet to be observed, and the IFE has
been demonstrated only once, in the original work.?® Nevertheless, it is potentially
a useful new spectroscopy, because it is supported by all atoms and molecules,”®
and in this communication we report novel information from a computer simulation
of the IFE using visible frequency laser pulses of the type available experimentally.
The new information consists of a “dynamic magnetisation”, measured through the
angular momentum autocorrelation function (ACF) in the presence of the pump
laser pulse, and second order orientational rise/fall transients.

The background theory of the IFE can be developed conveniently in terms of
the magnetic dipole moment (m;) induced by the second order product of electric
field components of the electromagnetic plane wave

m; = Bix Ej Ex (1)

where B;;z is a rank three molecular property tensor whose properties have been
well described,®11 both classically and quantum mechanically. Specifically, it is the
antisymmetric part of the tensor F; Ey that is the electromagnetic property respon-
sible for the IFE. This is a T" negative, P positive rank two tensor, conveniently
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labelled 7r;-\k. It follows that the P and 7' symmetries of 3;;; are both positive, so
that the IFE is supported in all atoms and molecules,'>** thus echoing the forward
Faraday effect. The analogy between the Faraday effect and the IFE is shown clearly
by using the purely mathematical relation

T = el (2)

from tensor algebra. Here ¢;jx is the Levi Civita symbol linking the rank two
antisymmetric polar tensor wﬁ and the rank one axial tensor (i.e. axial vector) 7.
The latter has been shown by Wagniére!® to be, in vector notation

™ = Ef x Ef = —-Ef x Eg = 2E{ik. (3)

Here, the subscripts denote left (L) or right (R) circular polarisation of a laser
propagating in the axis Z of the laboratory frame (X, Y, Z), with k a unit vector in
Z. The superscripts denote + and — complex conjugates of the laser plane wave.!®
It is fruitful to note that ## in the IFE plays the role of static applied magnetic
flux density (Bs) in the forward Faraday effect, implying that there is a hitherto
unobserved Zeeman splitting!® due to a circularly polarised laser pulse, accompanied
by ESR type transitions!’2° between the pump laser induced Zeeman states. This
is potentially of widespread interest in the development of optical resonance effects
akin to ESR and NMR, which are also produced theoretically?! by first order optical
purnping.

The induced magnetic dipole moment m; forms a torque with the magnetic
component, B, of the pump laser pulse

le—mXB (4)

whose equivalent potential energy is obtained by integration over configuration to
give a contribution

Hl =—-m-B (5)
to the Hamiltonian.

We report a field applied molecular dynamics (FMD) computer simulation??-2¢
of the effect of (4) or (5) in representative achiral and chiral molecular ensembles,
in the rise and fall transient conditions and in the pulse-on steady state. This
appears to be the first computer simulation of the IFE, the main results of which
are: 1) to show “dynamic magnetisation” through a non-vanishing ¢t — infinity tail
of the molecular angular momentum ACF in the axis of laser propagation; ii) to
show second and higher even order orientational rise/fall transients which are given
analytically for the first time and which are potentially directly observable using
contemporary femtosecond modified Kerr effect apparatus.30-33

2. Computer Simulation

The IFE was simulated in water (Csy) using a well-tested modified ST2 poten-
tial,3473% and in an electrically non-dipolar chiral Dy symmetry, representing a two
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bladed molecular propeller described by a Lennard Jones site model of staggered
bicyclopropene (SBCP). The model consisted of six CH moieties, with Lennard
Jones parameters

¢/k(CH) = 158K; o(CH) = 3.8A.. (6)

This level of approximation was considered adequate and practical for the first
demonstration reported here, and can be improved for future applications with
the ab initio computational potentials now becoming generally available.3” With a
time step of 0.5 fs for water and 5.0 fs for SBCP, the methods??=2° of FMD were
implemented with the torque (4) in the forces loop. For C3y and D, point group
symmetries, m; in frame (1,2,3) of the molecular principal moments of inertia is

my = e12(Ba3 — Bras)Eo
ma = 622(5’2’31 - ﬁ’z’w)Eg (7)

m3 = Caz(ﬁ:’«x’n - ﬁ:’a’zl)Eg

M 1 —_ "o, 1 —_— "o, " —_ 1
with 8123 = —B13s; P31 = —B213; Ba1a = —PB3a;- Here e1z, €3z, e3z are Z com-
ponents of unit vectors e; 3 in axes 1, 2, and 3. In the apparent absence of
experimental and ab initio estimates of 37, we used for demonstration.

Blaz = P31 = P31 =1:2:3 (8)

for both molecules. Under these conditions, FMD simulations were completed at
up to twenty visible pump laser frequencies for each 108 molecule ensemble, giving
rise/fall transients and pulse-on ACF’s and cross correlation functions (CCF’s) at
each frequency, the ACF’s and CCF’s being computed by running time averaging
over contiguous segments of at least 6,000 time steps each for good statistics. Rise
and fall transients were computed for (e?,),(e?,), (el x), (€25), (edy ), (€2x), (€22),
(e2y), (e2x) over a range of 1,000 to 3,000 time steps by averaging over the 108
molecules at each time step. ACF’s and CCF’s were computed at each laser fre-
quency for: orientation (e; etc.), angular momentum (J), and rotational velocity
(& etc.) for components X,Y, and Z.

3. Results and Discussion

FMD revealed several novel molecular dynamical aspects of the IFE. Prominent
new features are illustrated in Figs. 1 and 2. Figure 1 shows the development of a
t — infinity tail

2 (mz)tz—wo _ (JZ)tz—>oo

©= my) C 3) ©
where mz 1s a pump laser induced magnetic dipole moment proportional to Jz
through a scalar. Figure 2 shows second order orientational rise/fall transients.
These previously unknown features of the IFE are accompanied both in water and
SBCP by orientational, angular momentum, and rotational velocity CCF’s between
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X and Y components, and an intricately oscillatory data bank of ACF’s of each type
of vector. The details of these laser induced oscillations were extremely sensitive
to changes in applied laser frequency, and the data are available from the author
in a bank of several hundred examples. Computer animation®® revealed that the
statistical CF patterns represent a laser driven precession of J, &;,&,, and €3 in
competition with the thermal molecular dynamics. The level of the induced dynamic
magnetisation m2, depended markedly (Table 1) on the laser frequency for both
ensembles, another new feature of the IFE.

Table 1: Magnetisation m?, vs. Laser Frequency.

Normalised Laser Frequency Liquid
Magnetisation (THz)

0.002 + 0.02 30.0 S Bicyclopropene
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 »

0.05 + 0.05 300.0 Water
0.02 + 0.07 500.0 »
0.02 % 0.06 600.0 »

0.05 + 0.03 1000.0 ”

First and higher odd order transients such as {e;) etc. vanished for all compo-
nents and laser frequencies in both ensembles. Second order rise transients such
as (e%) attained final levels which were used to construct for water a generalized
Langevin/Kielich curve (Fig. 3) both analytically and from??72° FMD as a function
of the square of the laser electric field strength in volts per metre. The analytical
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Fig. 1. Nllustration in SBCP at 293 K, 1.0 bar of m2_ dynamic magnetization in a 600 THz visible
frequency laser by FMD computer simulation.

form of this function is as follows

[y cos™@ exp(q cos?0) fzw (h cos2¢(cos? — 1))dé sinfdf

exp

(e1z7) =

f; exp(q cos?9) f:” exp(h cos2¢(cos?8 — 1))d¢ sinfdf

and it is a sensitive function of the anisotropy of polarisability of water. The energy
parameter ¢q used to construct this curve (using double Gauss Legendre quadrature)
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Fig. 2. Rise and fall transients {el;) in water at 293 K, 1.0 bar, by FMD at 600 THz (mode
ocked dye laser frequency). Laser induced internal potential energy H, =7.0kJ/mole. Upper
curve: (e?,); Lower curves: (e?, ) & (e?,).

vas

E} 1 1
q= 76—701 (011 -3 (22 + aas)) ; h= 3 (022 — a33) ;

= Egv/kT;

vhere v is the anisotropy of polarisability of water.
vith that obtained from the computer simulation. This function represents the

(11)

This curve compared well
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Fig. 2. (Continued)

development of circular birefringence in response to the laser pulse, as first proposed
by Atkins and Miller.5

The simulated Langevin Kielich function was constructed using the computed
potential energies at each laser intensity in the FMD simulation at a laser frequency
of 600 THz, in the vicinity of a passively mode locked dye laser at 0.53 um. The time
dependencies of the rise/fall transients contain??-2°

much additional information on
the IFE. The rise transients echoed the CF’s in being sometimes intricately oscilla-
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Fig. 3. Gencralized Langevin/Kiclich function, obtained from FMD as a plot of the final levels
attained by (e?,) vs. the ¢ function of the laser at 600 THz in liquid water. The curves are our
analytical description, Eq. {10), as a function of the anisotropy of polarisability. 1) h=0; 2) h=g;
3) h=2q.

tory and very sensitive to laser frequency and intensity. With the time resolution of
contemporary femtosecond spectroscopy3°32 these patterns are probably directly
observable. One method would be to modify optical Kerr effect apparatus3? to
observe the additional transient effect of circularly polarising the pump laser pulse
as the rotation of the plane of linear polarisation of an argon ion probe. To observe
the IFE transient, subtract the transient due to the optical Kerr effect, which occurs
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when the pump laser is unpolarised. The IFE occurs only when the pump laser is
circularly polarised.

4. Summary

Several novel features of the IFE have been observed by FMD, including dynamic
magnetisation (Table 1) and even order rise/fall transients signalling the onset of
circular birefringence. The latter have been analysed with the use of the Langevin/
Kielich functions of statistical mechanics.
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