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A combination of electric fields, rotating and alternating at the same frequency, and aligned in the same (X) axis of the labo-
ratory frame (X, Y, Z) produces time-asymmetric cross correlation functions of the linear and angular velocities of a diffusing
water molecule. This computer simulation result apparently contradicts the Onsager—Casimir relation and is explained as a weighted
combination of time-symmetric and -antisymmetric components. This is apparently the first prediction of time asymmetry of this

type in molecular liquids.

1. Introduction

Recent computer simulations [1-4] of a Lennard-
Jones atomic ensemble subjected to a shear [5-8] of
the type 0vy/0Z have produced the first observation
of time-asymmetric cross correlation functions
(CCFs) which amount to an apparent counterex-
ample [4] to the Onsager—Casimir reciprocal prin-
ciple [9]. These non-equilibrium molecular dynam-
ics computer simulation results were explained on
the grounds of symmetry, using the recently devel-
oped [10-12] principles of group theoretical statis-
tical mechanics (GTSM) as being a weighted com-
bination of time-antisymmetric components due to
shear-induced vorticity, of symmetry D" [13-15],
and time-symmetric components due to shear-in-
duced deformation, of symmetry D{?’. These CCFs,
and related CCFs of the pressure tensor, were found
to be at the root of the observable Weissenberg effect
[71, the pressure generated in a liquid perpendicular
to the plane of shear.

In this Letter new time-asymmetric CCFs are re-
ported for the first time in a molecular liquid, water,
treated with a combination of electric fields, spin-
ning and alternating at the same frequency about the

' Also at Department 48B/428, IBM, Neighborhood Road,
Kingston, NY 12401, USA.

same (X) axis of the laboratory frame (X, Y, Z). This
result suggests that there is a complete new set of
time-asymmetric CCFs, members of which appear in
a molecular ensemble subjected to an external field
influence of the appropriate symmetry. The latter is -
discussed in terms of the following three principles
of group theoretical statistical mechanics (GTSM).
In the light of these considerations, and with the
newly available simulation data, it is concluded that
time correlation functions in general may have the
property of being asymmetric to interchange of or-
thogonal Cartesian components, or equivalently to
the interchange of time argument in the two vari-
ables being correlated, i.e.

(Ay(1) Az(0) > # (Az(1) 4¢(0)) . (1)

Principle (1) (Neumann’s principle). In an atomic
or molecular ensemble at thermodynamic equilib-
rium, the ensemble average {ABCD...> may exist if
the product of irreducible representations [13-15]
of 4, B, C, D, ... in the rotation-reflection point group
Ry, (3) contains the totally symmetric representation
(TSR) D{®.

Principle (2). This ensemble average may exist in
the frame (x, y, z) of the molecular point group if
the product of irreducible representations of 4, B, C,
D, ... in this point group contains that group’s TSR "
at least once [15].
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Principle (3). An ensemble of atoms or molecules
in a steady state produced by an applied field of given
symmetry may contain new ensemble averages whose
symmetry in frame (X, Y, Z), the laboratory frame,
is determined by that of the applied field [1-4,10-
12].

Principle (1) shows, for example, that off-diago-
nal elements of time auto correlation functions
(ACFs) do not exist at equilibrium, because their
symmetry signatures do not contain the TSR D{%.
In ACFs the latter is the trace, containing the diag-
onal elements only, of the generic ACF tensor
(A(0)AT(t)>. In the presence of applied fields,
principle (3) applies, and applied fields with sym-
metry elements other than D{®’ may produce off-di-
agonal elements of time ACFs, which are referred to
here as cross correlation functions because they con-
tain different orthogonal elements of the dynamical
variable being correlated. Previous work [16-18] has
shown that a rotating electric field of symmetry
D{" produces time-antisymmetric CCF elements of
the type

(Ay(0) Az(1) > = — (Az(0) 4y(1) > (2)

in frame (X, Y, Z). In accordance with principle (3)
this is the same symmetry type (D{!), which de-
notes a vector product even to parity reversal (i.e.
superscript 1, subscript g)

(A(0)xA4(1)> (=Dg"). (3)

In the case of treatment with a rotating electric field
whose symmetry is purely D{"’ there are no time-
symmetric components [1-4] of symmetry type
D{®

Dg?: (Ay(0) Az(8)> =< Az(0) Ay(2) >, (4)

and in consequence the field-induced CCF is exactly
time antisymmetric as observed in computer simu-
lations [16-18].

In what follows we address the problem of what
happens when a rotating electric field of symmetry
signature D" is supplemented by an alternating
electric field of symmetry signature D§'’ aligned
along the former’s axis of rotation with the same
(alternating) frequency.
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2. Computer simulation methods

The computer simulation was carried out with the
algorithm TETRA, described in the literature, on 108
water molecules interacting with a modified ST2 po-
tential devised and described by the author [19-21].
The model parameters were as follows:

e/k(H-H)=21.1K, €/k(0-0)=58.4K,
o(H-H)=225A, ¢(0-0)=2.80A,
qu=—g.=023]e| .

The time step used was 0.5 fs, and production runs
extended over 6000 time steps after equilibration.
Running time averages were computed over all 108
molecules using all 6000 time steps for good statis-
tics. The production runs were carried out in the
presence of a combination of rotating and alternat-
ing electric fields defined as follows:
(1) Rotating electric field

Ex=0,

Ey=FE,cos wyt,

E,=F,sin wyt. (5)
(2) Alternating electric field

Ey=FE,coswyt . (6)

These were applied simultaneously to produce an
overall torque on each molecule of the type [16~18]
—uXE. During production runs the sample was
thermostatted with a temperature-rescaling routine.

3. Results and discussion

The time-asymmetric CCFs produced by the above
field combination are illustrated in fig. 1 (linear ve-
locity, v) and fig. 2 (angular velocity, @) for two field
frequencies (w,), (a) 0.01 and (b) 10.0 THz. In each
case the energy imparted by the applied field to the
sample was equivalent to 21.2 kJ mol~"'. Both types
of CCF are asymmetric in the interchange of ¥ and
Z indices, and figs. 3 and 4 show that the trace of
each CCF matrix, ie. of <(w(t)v'(0))> and
(w(t) ®T(0)> contains components with three dif-
ferent time dependences, showing that the sample is
trirefringent. It is especially significant that such
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Fig. 1. Time-asymmetric field-induced cross correlation func-
tions of molecular linear velocity, <{vy(?)vz(0)> and
{(Vz(t) Vy(0)) in liquid water at 293 K, computer simulation.
(a) Applied field frequency of 0.01 THz; (b) 10.0 THz.

properties are imparted to the linear velocity CCF
matrix, because there is no direct body force pro-
duced by the field combination, only a torque,
—uXE.

The application of GTSM to these results must
proceed on the basis that the field-induced CCFs have
an overall even parity reversal symmetry, because
they are off-diagonal components of the same vector
(v or m, respectively). Therefore, the computer sim-
ulation results show that they are not generated by
a simple product

Dél)D‘(,l)=D‘(,O)+D‘(,l)+D‘(,2) (7
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Fig. 2. As for fig. 1, molecular angular velocity.

of the D{"’ symmetry of the axial vector of the ro-
tating electric field and the D{!’ symmetry of the po-
lar vector of the alternating electric field. Evidently,
the three electric field components can combine to
give different symmetry signatures, for example eq.
(7) above and also D products such as

D{" D" =D +D{! + D (8)

generated between field-component pairs. The over-
all symmetry in eq. (8) is gerade, even to parity re-
versal, consisting of three symmetry components with
superscripts 0, 1 and 2. By principle (3) these make
possible respectively the scalar product (trace), vec-
tor product (time antisymmetric) and tensor prod-
uct (time symmetric) in the generic ACF tensor
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Fig. 3. As for fig. 1, diagonal components of the molecular linear
centre of mass—velocity time correlation induced by the electric
field combination.

(A(t)AT(0)> in the steady state under the influ-
ence of the applied field. The evident time asym-
metry in figs. 1 and 2 therefore emerges from a
weighted combination of D!’ and D{*) components
in eq. (8). In physical terms, there is an apparent
competition between the symmetry signatures (7)
and (8), each of which could by principle (3) be
generated by different combinations of electric field
components. The signature (8) is dominant when
the frequency of the rotating and alternating electric
fields is the same, as in this simulation. Under other
circumstances it is conceivable that the symmetry (7)
dominates, generating ungerade quantities in the
field-on steady state. We note that (7) represents a
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Fig. 4. As for fig. 3, molecular angular velocity.

chiral influence according to Barron’s .definition
[22], i.e. an odd parity field combination, but even
to time reversal symmetry.

4. Equivalence to elliptical polarisation

We note finally that the field combination used in
egs. (5) and (6) is equivalent to an elliptically po-
larised electric field component of an electromag-
netic field. This can be shown by tilting the coor-
dinate system used in egs. (5) and (6) by 45° to
give a new coordinate system (X,, Y, Z,). In this co-
ordinate system we have

Ey, =2'?E, cos wi ,
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E, =FE,sinwt,
Ey =0. 9

It follows that the symmetry analysis and results pre-
sented in this Letter also describe the effect of a strong
elliptically polarised electromagnetic field on the
molecular dynamics of liquid water. The elliptically
polarised laser field introduces an asymmetry in the
time correlation functions which is similar to that
observed in a shearing field.

The symmetry signature of the elliptically pola-
rised laser field is that of eq. (7), because eq. (9) is
the same as eqs. (5) and (6) except for tilting the
coordinate system. All the results presented here are
therefore also valid for an elliptically polarised laser
applied with a coordinate system tilted at 45° to the
plane of the applied field, or in other words for a laser
beam whose plane is tilted at 45° to the coordinate
system (X, Y, Z).

Acknowledgement

The Universities of Lancaster and London are
warmly acknowledged for the award of Honorary
Fellowships, and Dr. Enrico Clementi for a Visiting
Scientist invitation to IBM, Kingston.

CHEMICAL PHYSICS LETTERS

16 June 1989

References

[11M. W, Evans and D.M. Heyes, Mol. Phys. 65 (1988) 1441,
[2] M.W, Evans and D.M. Heyes, Phys. Rev. Letters, in press.
[3] M.W. Evans and D.M. Heyes, Phys. Rev. B, in press.
[4] M.W, Evans, Phys. Letters A 134 (1989) 409.
[5] D.M. Heyes, Computer Phys. Rept. 8 (1988) 71.
[6] D.M. Heyes, J. Non-Newtonian Fluid Mech. 27 (1988) 47.
[7] D.M. Heyes, J. Chem. Phys. 85 (1986) 997.
[8]1 D.M. Heyes, Chem. Phys. Letters 127 (1986) 515.
[91 M.W. Evans, G.J. Evans, W.T. Coffey and P. Grigolini,
Molecular dynamics (Wiley-Interscience, New York, 1982)
p. 401.
[10] M.W. Evans, Chem. Phys. Letters 152 (1988) 33,
[11] M.W. Evans, Chem. Phys. 127 (1988) 413.
[12] M. W, Evans, Physica B, in press.
[13]R.L. Flurry Jr.,, Symmetry groups, theory and chemical
application (Prentice Hall, Englewood Cliffs, 1980).
[14]R.M. Hochstrasser, Molecular aspects of symmetry
(Benjamin, New York, 1966).
[15] D.H. Whiffen, Mol. Phys. 53 (1988) 1063.
[16]1 M.W. Evans, G.C. Lie and E. Clementi, Chem. Phys. Letters
138 (1987) 149.
[17]M.W. Evans, G.C. Lie and E.Clementi, Z. Physik D 7
(1988) 397.
[I8] M.W. Evans, G.C. Lie and E. Clementi, J. Chem. Phys. 87
(1987) 6040.
[19] M.W. Evans, J. Mol. Liq. 32 (1986) 173,
[20] M.W. Evans, J. Chem. Phys. 86 (1987) 4096.
[211M.W. Evans, G.C. Lie and E. Clementi, Phys. Rev. A 36
(1987) 226.
[22] L.D. Barron, Chem. Soc. Rev. 15 (1986) 189.

379




