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The first molecular dynamics computer simulation of magnetisation (M) by an electromagnetic field reveals that M has a
characteristic dependence on the laser frequency which can be used in principle as a novel kind of non-linear spectroscopy of a

variety of useful materials.

1. Introduction

Pershan and coworkers were the first to demon-
strate theoretically and experimentally [1-3] the ex-
istence of magnetisation (M) due to an electromag-
netic field, which they named the inverse Faraday
effect [4-77. A peak pulsed ruby laser intensity of
about 10'" W/m? produced bulk magnetisation of
the order 0.01 A/m in paramagnetic and diamag-
netic samples, respectively a low temperature doped
glass and room temperature liquids chosen for their
relatively high Verdet constants. The work of
Pershan and coworkers remains the only reported
experimental investigation of magnetisation by a laser
field, and they did not have available in the early six-
ties the technology to measure the magnetisation as
a function of laser frequency, but nevertheless, the
inverse Faraday effect has achieved “textbook” sta-
tus [5,6]. Clearly, the visible frequency pulsed and
focused giant ruby laser used in this experimental
demonstration sets up a net, coherent, rotational
motion of the molecules about its propagation axis,
Z, a process which surmounts the energy barriers of
diffusional motion in the molecular liquid ensemble
at room temperature.

! Present address (1990/1991): Institute of Physical Chemis-
try, University of Zurich, Winterthurerstrasse 190, CH 8057,
Zurich, Switzerland.

The theory of the inverse Faraday effect can be de-
veloped in terms of the antisymmetric part of the
tensor product £, E¥ of electric field components of
the laser. Here, the symbol E¥ denotes the complex
conjugate of E;, using tensor subscript notation. The
conjugate product is conveniently defined as

I} =3 (EEf-EEY), IIM=eudl}, (1)

where ¢, is the third rank antisymmetric unit ten-
sor. In this notation, /T}} is a polar, second rank, an-
tisymmetric tensor, and /72 is a rank-one axial ten-
sor, i.e. an axial vector. Both the tensor /7 and the
vector /77 represent the same physical quantity, and
are both negative to motion reversal 7 and parity in-
version P. The conjugate product, the optical prop-
erty responsible for the effect [1-3,8-10], can also
be expressed in vector notation by

II"=E{* X E{ =—Eg X Ex =2Ejik, (2)

which has the same negative time reversal (7)) and
positive parity inversion (P) symmetries as static
magnetic flux density (8% in T). Here E is the elec-
tric fteld strength of the laser in V/m, the subscripts
R and L denoting right and left circular polarity and
the superscripts the + or — complex conjugates. The
unit vector k is taken in the Z axis of the laboratory
frame (X, Y, Z) and E, is the scalar amplitude (V/
m).

In this Letter we report the first molecular dynam-
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ics computer simulation of the inverse Faraday ef-
fect using the “field applied” technique originally
developed [11-14] for static electric fields. The
magnetisation by the applied laser is measured in the
t—co limit of the angular momentum autocorrela-
tion function along the axis of laser propagation. This
shows an intricate dependence on the laser fre-
quency, which indicates the presence of a novel type
of laser induced magnetisation spectroscopy of po-
tential utility in a range of materials such as super-
conductors and composite conducting polymers as
well as in the simple illustrative cases explored here
for the first time - that of a chiral liquid of D, sym-
metry staggered bicyclopropene molecules and an
achiral C,y symmetry water framework. The inverse
Faraday effect exists in principle in achiral and chiral
ensembles, diamagnetic and paramagnetic. The
computer simulation mimicks the experimental
demonstration by using a torque set up between an
intense, circularly polarised, pump laser, and the ap-
propriate molecular property mediating tensor.

2. The applied torque

The technique of field applied molecular dynam-
ics computer simulation (m.d.) relies on a simple
but useful modification [11-14] to the forces loop
of any standard m.d. code to add in the torque gen-
erated between an applied force field and the appro-
priate molecular property (the arm of the torque).
The particular form of the torque responsible for the
inverse Faraday effect is

T=—mi“d><B, (3)
where m'™ is a magnetic dipole moment induced by
the conjugate product IT* and B is the magnetic
component of the applied laser, given in standard
IUPAC notation by

Bl =B,(j+1ii) exp(igr ) ,

Bi =Bo(j—ii) exp(—~igL) ,

BR =Bo(j—1i) exp(igr) , (4)
Bi =By(j+ii) exp(—igg) .

Integration of the torque (2) over the configuration
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is the work done, which is minus the potential energy
term

AH=—m™.B, (5)

appearing in the interaction Hamiltonian of the in-
verse Faraday effect. Both the torque and the poten-
tial energy are proportional to the product £3B,, and
the induced magnetic dipole moment is proportional
to E3. Here E, is the scalar electric field strength (V/
m) of the pump laser, and B, is its scalar magnetic
flux density in T.

The induced magnetic dipole moment is given in
general by

ind 2 I I
mii=—Ege z(bi3—bis),

ind 2 I I
my=—Ege,z(b313—b331) ,

ind 2 I I
my=—Eges,(b3,—b3,) , (6)

in the molecule fixed frame of reference. Here e,, e,
and e, are unit vectors in axes 1, 2 and 3 of the prin-
cipal moment of inertia frame. We have restricted
attention here to a D, symmetry chiral molecular
point group, so that there are only six components
of the molecular property tensor b, [15-17]. In the
C,v point group of water, the symmetry of the tensor
bly is coincidentally the same [17], so that numer-
ically the same type of torque suffices in the mole-
cule fixed frame [18] in both cases, with

b‘1‘23='—b’1‘32, bgl_?:_bg}l,’ b‘f‘&l2:“’bg2l- (7)

Note that b, is an electronic magnetic electric elec-
tric hyperpolarisability, with a well defined quantum
structure in matrix density formalism and semi-clas-
sical theory. The magnitude of the tensor far from
optical resonance has been given by Wozniak et al.
[17] to be about 10 ~** A m* V-2, and may increase
by several orders of magnitude near optical reso-
nance. These values were arrived at by measurement
[17] of the Verdet constant in the conventional Far-
aday effect 1o whose mediating tensor bl is closely
related by interchange of subscript symmetry. The
computer simulation results reported here also show
that there is no magnetisation due to the torque set
up directly between the E component of the pump
laser and the permanent electric dipole moment of
water.
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3. Computer simulation method

The algorithm is fully described elsewhere [19]
and the torque (2) was incorporated as Cartesian
components [20] in the force loop, followed by up
to 6000 time steps of re-equilibration, each of 5.0 fs
for staggered bicylopropene, and 0.5 fs for water. Re-
equilibration (rise transient [21]) takes place
through a thermostatting routine, which keeps the
temperature near the input value until the field-ap-
plied statistically stationary state is reached — “field-
on equilibrium”. In this condition, the molecular dy-
namics were investigated visually by animation [22].
In field-on equilibrium, time correlation functions
were computed by running time averaging [23] over
contiguous segments of at least 6000 time steps out
to a maximum of 400 time steps, giving good sta-
tistics. This procedure was repeated for each Carte-
sian component of a range of molecular dynamical
vectors, including molecular angular momentum (J),
orientation, net force and torque experienced by a
molecule, and center of mass position.

The complete analysis for both molecules was re-
peated for up to twenty different laser frequencies as
a function of E3B,, the primary objective being the
construction of a spectrum of magnetisation as a
function of laser frequency in the visible (100 THz)
range of available mode locked dye lasers.

A sample of 108 staggered bicyclopropene mole-
cules was used to represent a chiral two bladed pro-
peller, well adapted to respond to a spiralling laser
field, and water was used to represent an achiral, dia-
magnetic, asymmetric top. The chiral intermolecular
potential 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

i(CH):lS&OK, o(CH)=3.8 A . (8)

This level of approximation was considered ade-
quate to demonstrate the existence of the phenom-
enon of frequency dependent magnetisation intro-
duced here. Increased levels of approximation,
including ab initio models of the intermolecular po-
tential [24], can be adapted to investigate non-lin-
ear phenomena such as the inverse Faraday effect.

The intermolecular potential for water is de-
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scribed fully in the literature [19,25], and is an ex-
tended ST2 model fully tested against experimental
data [26] and the MCYL ab initio pair potential of
Clementi and coworkers [27].

There appear to be no ab initio computations to
date of the individual scalar components of the mo-
lecular property tensor b!, for any atom or mole-
cule, and in consequence, the following relative val-
ues were used to compute the torque (2) for both
types of molecule

b|l|23:bg13:b212=1:2:3~ (9)

The absolute order of magnitude of these elements
is given by WozZniak et al. [17].

Data generating runs and computation of time
correlation functions were carried out on the IBM
3090-6S supercomputer of ETH Zurich, and video
animation on the multi-engine environment de-
signed by Pelkie [22] at Cornell Theory Center’s
computing environment, following satellite trans-
mission. Video cassettes with narration are available
from the author for distribution, giving visual in-
formation of great clarity on the development of
magnetisation in response to the applied laser field
through the torque (2).

4. Results and discussion

Animation analysis revealed visually and directly
that in the inverse Faraday effect the laser spins in-
dividual molecular properties such as torque, an-
gular momentum, and rotational velocity [19] about
its axis of propagation *!. This process is always in
intricate competition with the Brownian motion, or
“background dynamics” [23] when the laser fre-
quency is tuned to the THz range characteristic of
visible frequency mode locked lasers. Statistical
analysis revealed through time correlation functions
that this process depends closely on the applied laser
frequency. A data bank was collected of several
hundred auto- and cross-correlation functions which

¥ The animation by C.R. Pelkie from data by M.W. Evans shows
the inverse Faraday effect in bromochlorofluoromethane for
a variety of dynamical vectors such as angular-momentum,
rotational and linear velocity, force, torque, and orientation
with scattegram analysis of the statistical effects of the conju-
gate product of a laser pulse at visible frequencies.
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Fig. 1. The angular momentum autocorrelation functions at different laser frequencies for staggered bicyclopropene. The Z component
develops a different time dependence from the other two, Z being the axis of laser propagation. (a) 30.0 THz; (b) 450 THz (c) 600
THz; (d) 840 THz; (¢) 1500 THz. (b) to (¢) show the Z component only.
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Fig. . (continued).

characterise statistically the inverse Faraday effect at
up to twenty laser frequencies in the 100 THz range.
Of particular significance is the development of a
non-vanishing /—oco tail (fig. 1) in the angular-mo-
mentum autocorrelation function (a.c.f.). The clas-
sical molecular angular momentum (J) is directly
proportional through the gyromagnetic ratio to the
molecular magnetic-dipole moment (m), and fig. |
therefore implies the development of a magnetic-di-
pole moment

s Mt Dl

(m%zy UL

(10)

This quantity is recorded against laser frequency in
table 1 for several visible frequencies and for both
molecules. Table 2 measures the change in internal
potential energy brought about by the laser field, and
is intended as a guide to the laser intensities used in
picosecond pulses in the simulation. (One pulse is
equivalent to several thousand time steps in the field
applied condition. ) The energy pumped into the en-

0.002+0.02 30.0 staggered 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

Table 2

Potential energy (kJ/mol) of staggered bicyclopropene.

Energy Laser frequency
(kJ/mol) (THz)

=77 0

—55 510.0

-53 540.0

—-63 600.0

—-68 750.0

-71 900.0

-59 3000.0

semble by the laser can be worked out from table 2.
For example, the energy at 510 THz in staggered bi-
cyclopropene is —55 — (—=77)=22 kJ/mol. Thus
the pump laser has given 22 kJ/mol to the liquid, i.e.
has increased the internal energy of the liquid by
about a quarter of its original value. Fig. 2 shows that
the permanent magnetic dipole moment is accom-
panied by the development of orientational cross
correlations of the type
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Fig. 2. As for fig. 1, orientational cross correlation functions as defined in eq. (9).
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where e, is a unit vector in an axis of the principal
molecular moment of the inertia coordinate system.
In fig. 2, five laser frequencies are shown for stag-
gered bicyclopropene, corresponding to those in fig.
1. A similar, intricate, dependence on laser fre-
quency was observed for liquid water, using laser fre-
quencies up to 1000 THz in the visible (mode locked
dye laser). The magnetisation m2, is therefore char-
acteristic of the inverse Faraday effect and its root
cause is the frequency independent conjugate prod-
uct IT*. It was checked during the course of this work
that the first order torque [28]

T,=—uxE (12)

between the permanent electric dipole moment in
water and the electric field component of the pump
laser did not produce magnetisation, but rather a re-

08 |
08 il
071t h

T T T T T T T T

T T
000 002 004 008 008 00 012 01 0B 08 020

Fig. 3. Z component autocorrelation function in water due to the
first order torque, eq. (10), showing that the {—oco value van-
ishes, i.e. there is no magnetisation as in fig. 1.

sult such as illustrated in fig. 3, i.e. a component an-
gular-momentum autocorrelation function which is
highly oscillatory and depends on the laser fre-
quency, but which always goes to zero at t—oco. (Such
a check is not needed in staggered bicyclopropene
because it is electrically non-dipolar.)

Simulation results for twenty different laser fre-
quencies also showed that the magnetisation m2 is
accompanied by: (1) cross correlation functions be-
tween the X and Y components of angular momen-
tum and rotational velocity [19], corresponding to
the laser induced spinning motion observed in the
animations; (i1) highly oscillatory autocorrelation
functions of angular momentum and rotational ve-
locity, in each case the Z component being markedly
different from the X and Y components, whose time
dependencies were very similar, showing a low “sim-
ulation noise” level and “good statistics”; (iii) de-
velopment of anisotropy in the time dependence of
orientational autocorrelation functions, the Z com-
ponent becoming much longer lived than the other
two. The latter was accompanied by the develop-
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Fig. 4. Second order orientational rise transients in water with a
laser applied at ¢t=0. The applied laser frequency is 500 THz,
corresponding 1o a wavelength of about 600 nm, in the vicinity
of a mode locked rhodamine 6G dye laser in the visible. The up-
per curve is the transient (e?;), the lower two curves are
{ety> and (e, ), showing the development of birefringence due
to the inverse Faraday effect.

ment through experimentally accessible [29 ] sub-pi-
cosecond rise transients (fig. 4) of second order ori-
entational averages such as (e?, > in the propagation
axis of the laser, where e, is a unit vector in a mo-
lecular axis such as the 1 axis of the principal mo-
lecular moment of the inertia frame of reference. No
first order orientational averages were observed. All
these characteristics were very sensitive to small
changes in the frequency of the laser, as illustrated
in figs. 1-3 for a small sample of results.
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