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Quantum Dynamical Tunneling Suppression by a Laser Field
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Suppression of quantum dynamical tunneling is predicted to occur when a laser field drives a
transition in an isolated, single molecule embedded in a host medium. [S0031-9007(96)00075-0]
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Quantum dynamical tunneling is one of the importantwritten in the form [1]

processes occurring in different physical, chemical, and b1(x) = [p(—x) + ¢(x)]/V2, (1a)
biological systems. It can be observed in systems whose
potential energy’ has at least two minima, with the form $a(x) = [$(—x) — p(0)]/V2, (1b)

of the potential being locally symmetric. For the one-
dimensional case, such a potential is a symmetric double
well V(x) = V(—x). At zero temperature, if the system

Ve
is initially located in one of the wells of the potential, it
will undergo quantum dynamical tunneling having period 95
T = 21 /8, wherehid is the small energy difference be- N 4 13>

tween the antisymmetric and symmetric states [1]. The
dynamical tunneling occurs owing to the fact that ini-
tial localization in one of the wells implies a superposi-
tion of eigenstates having different energies. Physically,
quantum dynamical tunneling describes the internal rota-
tion in molecules [2], or the rotation of a single mole-
cule in a crystalline or amorphous environment [3]. It ha,
also describes the more complex conformational changes
in glasses [4], biological systems [5], etc. In this Letter

we show how this quantum evolution, at first sight un- Vs
controlled, can be suppressed dynamically by applying a &
coherent electromagnetic field. X/ ¢, /

To demonstrate this effect we assume that the sym- 7N 2>
metric double-well potentiaV,(x) (Fig. 1) corresponds JiH] ’l/\%é M
to the electronically unexcited ground state. In addition, NN ~" 1>
there is an electronically excited state. In the adiabatic I 0 R X

approximation, the slow movement along the generalized _ _
coordinatex [6] in the excited state is defined by the FIG. 1. Schematic representation of the quantum system
excited-state potentiaV, (x), which we also take to be under consideration. The system is characterized by two

. . electronic states with double-well potentials for the ground
a double-well potential, but without symmetry about the[Vg(x)] and excited V, (x)] states. The ground state potential

pointx = 0 (Fig. 1). The ground and excited states cany,(x) is symmetric about the point = 0, but the excited-
interact through a coherent electromagnetic field havingtate potentiaV,(x) does not possess this symmetry. The two
frequency wo. In the absence of the external radia-lowest eigenstateld) and|2) of the ground state potential have

: . ; ymmetric[ ¢ (x)] and antisymmetri¢ ¢,(x)] wave functions,
tion field, the lowest energy eigenstates of the groun@vhile the excited-state wave functiaps(x) is localized in the

electronic state are symmetric _and antisymmetric Statetutt well of the excited-state potential. A coherent field having
denoted by|1) and |2), respectively. The correspond- frequencyw, drives transitions between the ground and excited
ing normalized, approximate wave functioss , may be  states.
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where¢(x) is a wave function localized in the right well. the Schrodinger equation with the interaction Hamiltonian
The energy of the antisymmetric std® is larger than (7) can be written as
that of the symmetric statd) by the small difference [4]

G g 0
—A E
hé = E, — E; = hwe™ ", (2) (1)) = 0 o0 0
where 7w is an energy of order of the zero-point 0 0 e Bt
energy, and the factar* represents the overlap between it
the wave functions for the two potential wellg, = X e Myt = 0)), (9)

Ax(2mV)'2/h, with Ax being the distance between where the matrix’ is given by
potential well minima,n the appropriate tunneling mass,

andV the height of the barrier between the wells. . 5 0 Vi3
We suppose that initially (at = 0) the system is V=] 0 6 +6 vy|. (20)

localized in the left well, Vi U3 0
lw(t = 0)) = (1) + 2))/V2. (3) The eigenvalues and eigenstates of the malrigive

the quasienergies and dressed states in the dressed picture
representation [7]. In the case considered with the
assumption thaltd| < |vs1l, |vs2| the dressed states are

lig(2)) = [ex;(—i % t) 1) + exp(—i % t) |2>} /\/5 | 1) = sind(e'#' sing|1) + ¢'* cosp|2)) + coP|3),
4) (11a)

which oscillates between staté® and [2). The spatial  |_;) = co(e'® sing|1) + ¢'¢>cosp|2)) — sind|3),
wave function (11b)

lyr) = €' coP|1) — e'¥*sinf|2), (11c)

5 where sif = Q/J/Q2 + u2, Q = |vy]? + |vsl?

1) ; .
X |:¢(—x)0087t + i (x)sin 7} (5) e?rsinp=wv13/Q, e'Pcosm=vy3/Q, u=-5/

— 2 ;
oscillates between the two wells, a process corresponding®™ ¢1, Q1 = (O + 6i/4. The eigenvalues corre-
to dynamical quantum tunneling. sponding to the dressed states (11) are equal to

l\_Iovy suppose that at time= 0 a coherent electromag- Aoe = 81/2 + Q,
netic field (12)

/\R = 51 .
E(t) = Eexp(—iwpt) + C.C., (6)

having frequencyw, quasiresonant with the transitions
[1) — [3) and|2) — |3) (Fig. 1), is applied. Statf3) is
the lowest energy state for the electronically excited stat
described by the potentidt.(x). As we have supposed vi3 = v + Av, vis =v — Av, (13)
that this potential is not symmetric about the poine 0,
its spatial wave functiong;(x) is localized primarily
in one of the wells (to be specific, it will be the left v = —pE/hx/E[ ¢ (—x)d3(x)dx,
well). The interaction in this three-level system can

be described, in the rotating-wave approximation, by the _
semiclassical, interaction-picutre Hamiltonian: Av = pE/ﬁ\/E ¢ (x)p3(x)dx.

H = h(vize'®"b13 + viie 0bs) For the present consideration, we neglect the térm
(8, 46) 7 —i(8,40) ] which is small (compared withv) owing to the small
+ A(vase™ "oy + vype T bs) . (7) penetration of the wave functiog;(x) into the right well
whered; = wy — w3; andé; + 6§ = wy — ws, arethe (see Fig. 1). As a result the dressed-state eigenfunctions
field-molecule detuningsps; and ws, are the molecular (10) are simplified:
transitions frequenciesh;; = |i)(j| are the molecular .
quenciesy; = 114J] l41) = sinBlyn) + coPl3),

raising and lowering operators, and
l-1) = coBly) — sind|3), (15)
_PrE

ol AL ®) le) = (1) = 12)/V2,

are the Rabi frequencies for the allowed transitionswvhere |¢;) = (|1) + [2))/+/2 is the state vector corre-
calculated in the adiabatic approximation. The solution okponding to localization in the left well. Therefore, in

The spatial wave function for this state ¢s(—x). For
t > 0, this state evolves as

) = ex —i 220 t)

Because of the configuration chosen for the potentials,
the Rabi frequencies for the transitiofs) — |3) and
éz) — |3) practically coincide:

where

(14)

vij =

3298
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accordance with Eqg. (9), if the molecule starts in the ini-cavity field in which there is, on average, less than one
tial state (3), it evolves as a two-state system [7] driverphoton in the cavity.

coherently between statgg; ) and|3): Using the above-mentioned conditions we are able to
B 8,2t o choose a number of molecules, candidates, for an ex-
lip (1)) = e~ "5/ T2 (costdy t + i sin) £ cOL6) perimental verification of the predicted effect. Besides

X e |y ) — isinQtsin2é|3)]. (16) propionyl fluoride_ molecules [9] having two e_quivalenF
gaucheconformations, other chromophores with substi-
Owing to the assumption that the upper-state wavéuted methyl groups [10] can be tested for this purpose.
function ¢;(x) is located mainly in the left well, tunneling A possible candidate having an asymmetric ground state
from the left well to the right has been suppressed. Theotential, but nearly degenerate ground state levels [8] is
same effect occurs for initial localization in the right well the 2-vinylantracene molecule which has different stable
of the ground-state potential whép(r = 0)) = |). In  conformations for the exciteds{cis form) and ground
this case, the system remains in the right hand well; eve(s-transform) states [11]. The detailed considerations of
though the external field does not produce any transitionthe proposed systems will be done elsewhere.
to the excited state, it still suppresses the tunneling. For This research was supported in part by Belarus Basic
an arbitrary superposition of the left and right localizedResearch Science Foundation under Grant No. F18-203
states|y; ) and i), the presence of the coherent driving and in part by the National Science Foundation under
field isolates the right and left state wave functions; theGrant No. PHY-9414515.
probability for finding the molecule in the right well is
constant in time. In effect, the external driving field
suppresses the tunneling by lifting the degeneracy of the
ground state, provided that the Rabi frequenag greater
than the energy level separatién
In conclusion, we have shown that the property of [1] L.D. Landau and E.M. Lifshitz,Quantum Mechanics
quantum dynamical tunneling can be suppressed by means Pergamon Press, Oxford, London, Paris, 1964), p. 177.
of coherent electromagnetic excitation. In the present[2] Internal Rotation in Moleculesgdited by W.J. Orvitle-
discussion, we analyzed the simplest form of ground g;gnmeils T((;]rC:)hnr;o V\l/g%)& Sons, London, New York,
state potenthl exhibiting quantum dynamlcal tunnellr_]g— [3] W.E. Moerner and T. Basche, Angew. Chem. Int. Ed.
the symmetric, double-we_ll potential [8]._ A possible Engl. 32, 457 (1993).
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electronic state of this quantum system. |If the quantum  H. Frakenfelder, F. Parak, and R.D. Young, Annu. Rev.
system is initially localized in one of the wells, an external Biophys. Chem17, 451 (1988).
coherent field can be used to suppress the quanturrﬁe] The generalized coordinates have different meanﬁngs for
mechanical tunneling and keep the quantum system in the ~ different quantum systems. They can be translational or
same spatially localized position. rotat_lonal coordmates of_ n_uclel of mul_tl_atom|c mo_IecuIe_s,
Two main conditions must be satisfied for experimental relative coordinates defining the position of an impurity
: . - center in a host environment, or coordinates describing
observatllon of the propo_sed suppression. (_') the ground different conformational properties of molecular systems.
and excited-state potentials must exhibit different sym- (7] ¢ cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg,
metries (symmetric double-well potential for the ground Atom-Photon InteractiongNiley, New York, 1992).
state and asymmetric double-well potential for the excited[8] In general, the quantum dynamical tunneling can be
state) and (ii) the Rabi frequency associated with the co-  realized in the systems with asymmetric potentials having
herent driving fieldv should be larger than the ground nearly degenerate energy levels. The generalization of the
state double-well potential splitting. The first condition predicted effect to such systems is straightforward.
can be fulfilled, for example, for a molecule that is charac- [9] An example of such a local symmetric potential is one
terized by an internal, locally symmetric potential in the characterizing |nternal_ rotation of a prop|onyl fluoride
absence of interactions with its environment [9]. By plac- r;ﬁ;icé‘éeéggg 85‘&'9)St'efvater and E.B. Wilson, J. Chem.
ing this .molecule in an appropriate host medlum it ma_y{]lo] W. Hausler, Z. Phys. BS1, 265 (1990): C. von Bor-
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> : - czyskowsky, A. Oppenlander, H.-P. Trommsdorf, and J. C.
the excited-state potential. The second condition can be  vja|, phys. Rev. Lett65, 3277 (1990).

achieved easily for very low intensities of the coherenf11] R.S. Milliken, Rev. Mod. Phys14, 265 (1942); Yu.T.
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