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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 dri
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 importa
processes occurring in different physical, chemical, a
biological systems. It can be observed in systems wh
potential energyV has at least two minima, with the form
of the potential being locally symmetric. For the on
dimensional case, such a potential is a symmetric dou
well V sxd  V s2xd. At zero temperature, if the system
is initially located in one of the wells of the potential,
will undergo quantum dynamical tunneling having peri
T  2pyd, whereh̄d is the small energy difference be
tween the antisymmetric and symmetric states [1]. T
dynamical tunneling occurs owing to the fact that in
tial localization in one of the wells implies a superpo
tion of eigenstates having different energies. Physica
quantum dynamical tunneling describes the internal ro
tion in molecules [2], or the rotation of a single mol
cule in a crystalline or amorphous environment [3].
also describes the more complex conformational chan
in glasses [4], biological systems [5], etc. In this Let
we show how this quantum evolution, at first sight u
controlled, can be suppressed dynamically by applyin
coherent electromagnetic field.

To demonstrate this effect we assume that the s
metric double-well potentialVgsxd (Fig. 1) corresponds
to the electronically unexcited ground state. In additio
there is an electronically excited state. In the adiab
approximation, the slow movement along the generali
coordinatex [6] in the excited state is defined by th
excited-state potentialVesxd, which we also take to be
a double-well potential, but without symmetry about t
point x  0 (Fig. 1). The ground and excited states c
interact through a coherent electromagnetic field hav
frequency v0. In the absence of the external radi
tion field, the lowest energy eigenstates of the grou
electronic state are symmetric and antisymmetric sta
denoted byj1l and j2l, respectively. The correspond
ing normalized, approximate wave functionsf1,2 may be
0031-9007y96y76(18)y3297(3)$10.00
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written in the form [1]

f1sxd  ffs2xd 1 fsxdgy
p

2 , (1a)

f2sxd  ffs2xd 2 fsxdgy
p

2 , (1b)

FIG. 1. Schematic representation of the quantum syste
under consideration. The system is characterized by tw
electronic states with double-well potentials for the groun
fVgsxdg and excitedfVesxdg states. The ground state potentia
Vgsxd is symmetric about the pointx  0, but the excited-
state potentialVesxd does not possess this symmetry. The two
lowest eigenstatesj1l andj2l of the ground state potential have
symmetricff1sxdg and antisymmetricff2sxdg wave functions,
while the excited-state wave functionf3sxd is localized in the
left well of the excited-state potential. A coherent field having
frequencyv0 drives transitions between the ground and excite
states.
© 1996 The American Physical Society 3297
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wherefsxd is a wave function localized in the right wel
The energy of the antisymmetric statej2l is larger than
that of the symmetric statej1l by the small difference [4]

h̄d  E2 2 E1  h̄ve2l, (2)

where h̄v is an energy of order of the zero-poin
energy, and the factore2l represents the overlap betwee
the wave functions for the two potential wells,l .
Dxs2mV d1y2yh̄, with Dx being the distance betwee
potential well minima,m the appropriate tunneling mas
andV the height of the barrier between the wells.

We suppose that initially (att  0) the system is
localized in the left well,

jcst  0dl  sj1l 1 j2ldy
p

2 . (3)

The spatial wave function for this state isfs2xd. For
t . 0, this state evolves as

jcstdl 

∑
exp

µ
2i

E1

h̄
t

∂
j1l 1 exp

µ
2i

E2

h̄
t

∂
j2l

∏ ¡
p

2 ,

(4)

which oscillates between statesj1l and j2l. The spatial
wave function

kx j cstdl  exp

µ
2i

E2 1 E1

2h̄
t

∂
3

∑
fs2xd cos

dt
2

1 ifsxd sin
dt
2

∏
(5)

oscillates between the two wells, a process correspond
to dynamical quantum tunneling.

Now suppose that at timet  0 a coherent electromag
netic field

Estd  E exps2iv0td 1 c.c., (6)

having frequencyv0 quasiresonant with the transition
j1l ! j3l and j2l ! j3l (Fig. 1), is applied. Statej3l is
the lowest energy state for the electronically excited st
described by the potentialVesxd. As we have supposed
that this potential is not symmetric about the pointx  0,
its spatial wave functionf3sxd is localized primarily
in one of the wells (to be specific, it will be the le
well). The interaction in this three-levelL system can
be described, in the rotating-wave approximation, by
semiclassical, interaction-picutre Hamiltonian:

Ĥ  h̄sy13eid1t b̂13 1 y31e2id1tb̂31d

1 h̄sy23eisd11ddtb̂23 1 y32e2isd11ddtb̂32d , (7)

whered1  v0 2 v31 andd1 1 d  v0 2 v32 are the
field-molecule detunings,v31 and v32 are the molecular
transitions frequencies,bij  jil k jj are the molecular
raising and lowering operators, and

yij  2
pE
h̄

Z
dx fp

i sxdfjsxd (8)

are the Rabi frequencies for the allowed transitio
calculated in the adiabatic approximation. The solution
3298
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the Schrödinger equation with the interaction Hamiltonia
(7) can be written as

jcstdl 

0BB@ e2is E1
h̄

2d1dt 0 0
0 e2is E1

h̄
2d1dt 0

0 0 e2iE3t

1CCA
3 e2iV̂ tjcst  0dl , (9)

where the matrixV̂ is given by

V̂ 

0B@ d1 0 y13
0 d1 1 d y23

y31 y32 0

1CA . (10)

The eigenvalues and eigenstates of the matrixV give
the quasienergies and dressed states in the dressed pic
representation [7]. In the case considered with th
assumption thatjdj ø jy31j, jy32j the dressed states are

jc1Ll  sinuseiw1 sinhj1l 1 eiw2 coshj2ld 1 cosuj3l ,

(11a)

jc2Ll  cosuseiw1 sinhj1l 1 eiw2 coshj2ld 2 sinuj3l ,

(11b)

jcRl  eiw1 cosuj1l 2 eiw2 sinuj2l , (11c)

where sinu  Vy
p

V2 1 m2, V 
p

jy31j2 1 jy32j2,
eiw1 sinh  y13yV, eiw2 cosh  y23yV, m  2d1y
2 1 V1, V1 

q
V2 1 d

2
1y4. The eigenvalues corre-

sponding to the dressed states (11) are equal to

lL6  d1y2 6 V1 ,

lR  d1 .
(12)

Because of the configuration chosen for the potentia
the Rabi frequencies for the transitionsj1l ! j3l and
j2l ! j3l practically coincide:

y13  y 1 Dy, y23  y 2 Dy , (13)

where

y  2pEyh̄
p

2
Z

fs2xdf3sxddx ,

Dy  2pEyh̄
p

2
Z

fsxdf3sxddx .
(14)

For the present consideration, we neglect the termDy

which is small (compared withy) owing to the small
penetration of the wave functionf3sxd into the right well
(see Fig. 1). As a result the dressed-state eigenfunctio
(10) are simplified:

jc1Ll  sinujcLl 1 cosuj3l ,

jc2Ll  cosujcLl 2 sinuj3l , (15)

jcRl  sj1l 2 j2ldy
p

2 ,

where jcLl ; sj1l 1 j2ldy
p

2 is the state vector corre-
sponding to localization in the left well. Therefore, in
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accordance with Eq. (9), if the molecule starts in the in
tial state (3), it evolves as a two-state system [7] driv
coherently between statesjcLl andj3l:

jcstdl  e2isE3y h̄1d1y2dtfscosV1t 1 i sinV1t cos2ud

3 eiv0t jcLl 2 i sinV1t sin2uj3lg . (16)

Owing to the assumption that the upper-state wa
functionf3sxd is located mainly in the left well, tunneling
from the left well to the right has been suppressed. T
same effect occurs for initial localization in the right we
of the ground-state potential whenjcst  0dl  jcRl. In
this case, the system remains in the right hand well; ev
though the external field does not produce any transitio
to the excited state, it still suppresses the tunneling. F
an arbitrary superposition of the left and right localize
statesjcLl and jcRl, the presence of the coherent drivin
field isolates the right and left state wave functions; t
probability for finding the molecule in the right well is
constant in time. In effect, the external driving fiel
suppresses the tunneling by lifting the degeneracy of
ground state, provided that the Rabi frequencyy is greater
than the energy level separationd.

In conclusion, we have shown that the property
quantum dynamical tunneling can be suppressed by me
of coherent electromagnetic excitation. In the prese
discussion, we analyzed the simplest form of grou
state potential exhibiting quantum dynamical tunneling
the symmetric, double-well potential [8]. A possibl
candidate for the observation of suppression of quant
dynamical tunneling is a quantum system (molecu
impurity center) embedded in a host environment th
leads to a symmetric double-well potential for the groun
electronic state and an asymmetric one for the exci
electronic state of this quantum system. If the quantu
system is initially localized in one of the wells, an extern
coherent field can be used to suppress the quan
mechanical tunneling and keep the quantum system in
same spatially localized position.

Two main conditions must be satisfied for experimen
observation of the proposed suppression: (i) the grou
and excited-state potentials must exhibit different sym
metries (symmetric double-well potential for the groun
state and asymmetric double-well potential for the excit
state) and (ii) the Rabi frequency associated with the c
herent driving fieldy should be larger than the groun
state double-well potential splittingd. The first condition
can be fulfilled, for example, for a molecule that is chara
terized by an internal, locally symmetric potential in th
absence of interactions with its environment [9]. By pla
ing this molecule in an appropriate host medium it ma
be possible to break the local symmetry associated w
the excited-state potential. The second condition can
achieved easily for very low intensities of the cohere
field. In connection with this fact, it should be note
that the suppression could be produced, in principle, b
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cavity field in which there is, on average, less than o
photon in the cavity.

Using the above-mentioned conditions we are able
choose a number of molecules, candidates, for an
perimental verification of the predicted effect. Beside
propionyl fluoride molecules [9] having two equivalen
gaucheconformations, other chromophores with subs
tuted methyl groups [10] can be tested for this purpos
A possible candidate having an asymmetric ground st
potential, but nearly degenerate ground state levels [8
the 2-vinylantracene molecule which has different stab
conformations for the excited (s-cis form) and ground
(s-transform) states [11]. The detailed considerations
the proposed systems will be done elsewhere.

This research was supported in part by Belarus Ba
Research Science Foundation under Grant No. F18-2
and in part by the National Science Foundation und
Grant No. PHY-9414515.

[1] L. D. Landau and E. M. Lifshitz,Quantum Mechanics
Pergamon Press, Oxford, London, Paris, 1964), p. 177.

[2] Internal Rotation in Molecules,edited by W. J. Orvitle-
Thomas (John Wiley & Sons, London, New York
Sydney, Toronto, 1974).

[3] W. E. Moerner and T. Basche, Angew. Chem. Int. E
Engl. 32, 457 (1993).

[4] P. W. Anderson, B. I. Halperin, and C. M. Varma, Philos
Mag. 25, 1 (1972).

[5] Biologically Inspired Physics,edited by L. Peliti (Plenum,
New York, 1992); Spin Glasses and Biology,edited
by D. L. Stein (World Scientific, Singapore, 1992)
H. Frakenfelder, F. Parak, and R. D. Young, Annu. Re
Biophys. Chem.17, 451 (1988).

[6] The generalized coordinates have different meanings
different quantum systems. They can be translational
rotational coordinates of nuclei of multiatomic molecule
relative coordinates defining the position of an impurit
center in a host environment, or coordinates describi
different conformational properties of molecular systems

[7] C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynber
Atom-Photon Interactions(Wiley, New York, 1992).

[8] In general, the quantum dynamical tunneling can b
realized in the systems with asymmetric potentials havi
nearly degenerate energy levels. The generalization of
predicted effect to such systems is straightforward.

[9] An example of such a local symmetric potential is on
characterizing internal rotation of a propionyl fluorid
molecule. See O. L. Stiefvater and E. B. Wilson, J. Che
Phys.50, 5385 (1969).

[10] W. Häusler, Z. Phys. B81, 265 (1990); C. von Bor-
czyskowsky, A. Oppenländer, H.-P. Trommsdorf, and J.
Vial, Phys. Rev. Lett.65, 3277 (1990).

[11] R. S. Milliken, Rev. Mod. Phys.14, 265 (1942); Yu. T.
Masurenko, V. S. Udaltzov, and A. S. Cherkasov, Op
Spectrosc. (USSR)46, 696 (1979).
3299


