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Universal delocalization rate in driven dissipative two-level systems at high temperature
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We study the lifetime of localized states in a two-level system coupled to a dissipative bath and driven by
strong time-periodic monochromatic fields. At high temperature, moderate friction and high frequency driving
the dynamics is practically exponential characterized by a rate constant. By mapping the driven dissipative
two-level system onto a dissipative multilevel curve-crossing problem and applying semiclassical nonadiabatic
rate theory we show that strong fields can stabilize localized states over long time intervals and that the
delocalization rate exhibits a “universal” plateau whose value depends only on the intensity of the driving
field. Numerical path integral results confirm our theoretical predictifB5063-651X97)06103-5

PACS numbgs): 05.45:+hb, 03.65-w, 73.20.Dx, 73.40.Gk

The competition among tunneling, time-dependent driv-field in which the driven dissipative TLS becomes equivalent
ing and dissipation can lead to very rich dynamical behaviorto the following time-independent Hamiltonian
A central issue concerns the possibility of preserving local-

ization in driven symmetric two-level systeniELS). In the p?2 1 cio |\ 2

. . . . . _ | 2 jYz
absence of dissipative mechanisms earlier work has shown  Hqgy= —ﬁAo‘X-f—E o Mo X+ —2)
[1] that tunneling can be suppressed entirely under certain Poem m; w;
optimal localization” conditions which amount to degen- +(ata+ 12w+ Co(atah). ®)

eracies in the driven TLS quasienergy spectrum. In addition,

appropriate laser pulses can lead to localization of an initially ] o ]
delocalized TLS statf2]. Dissipation generally opposes per- Herea anda’ re_present fle_ld annihilation and crgatlon op-
fect localization via destruction of phase coherefgd]. It ~ €rators, respectively, an@ is a measure of the field-TLS
is, therefore, of interest to examine whether any amount ofnteraction strength. In order for E() to be equivalent to
control can be achieved in the common experimental situaEd- (1) in the semiclassical limit, the coupling constadt
tion of moderate dissipation strength and temperature, wher@ust satisfy

phase relations no longer prevail.

In this paper we study the evolution of initiallyeft- or VA
right-) localized states in a symmetric two-level system C=—r—, (4)
coupled to a harmonic dissipative bath and driven by a 2\n+1/2

monochromatic field according to the Hamiltonian
wheren is the quantum number that specifies the photon
state. In the semiclassical limit where the effects of the ra-
diation field are equivalent to those of a time-dependent driv-
ing term,n>1. In the canonical quantization of the radiation
+ 0,V Cos wot (1) field (see, for example,[6]) the “position” variable
q=Vh/2wo(a+a") is proportional to the electric field com-
Hereo, ando, are the <2 Pauli spin matrices,72A is the ~ Ponent, while the conjugate “momentum” describes the
splitting of the tunneling doublet in the absence of drivingMagnetic field. o .
and of dissipation, an¥l, is the driving amplitude. The cou- _In the absence of a bath, the electric field energy in Eq.
pling to a large number of harmonic bath degrees of freedord represents two parabolic diabatic curves which are
produces a dissipative environment whose influence on théoupled via the constant terfld and which intersect at the

TLS dynamics is encompassed in the spectral defisity ~ 0rigin (see Fig. 1 The remaining terms in Eq3) couple
this two-curve system to a dissipative harmonic bath. This

o2 way the driven dissipative TLS is mapped on a time-
J (w—w)). 2) independent dissipative multilevel curve-crossing problem
m; w; and transitions between left- and right-localized TLS states
correspond to nonadiabatic surface hopping events. Note that
We refer to the overall strength of the TLS bath coupling adissipative terms in Eq.3) involve coupling of the bath to
the “friction” or “dissipation” parameter. the discrete TLS operator and the field coordinate experi-
At temperatures that are high with respect to the TLSences friction only indirectly.
tunneling splitting and with high driving frequency the evo-  Within the semiclassical approximation, the nature of the
lution of localized states is essentially exponential characterdynamics depends largely on the value of the Landau-Zener
ized by a decay constakt To calculate the decay constant adiabaticity paramet€di7—9] which for a symmetric system
we resort to the quantized representation of the radiatiois equal to
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The TLS coupling mixes the diabatic electric field curves
over a length determined by the Landau-Zener adiabaticity
parameter. Because of this mixing, the motion of the field
coordinate is dissipative in the Landau-Zener region where
hopping events are most likely to occur. In the limit of large
quantum number, the fractional energy loss of the field to the
bath is expected to be very small on the time scale of TLS
delocalization, such that the field coordinate reaches a time-
dependent steady state where the site populations are equal
on average. At high temperature and sufficiently strong dis-
sipation phase coherence is destroyed and the crossing

: : events follow Poisson statistics. In that case the dynamics
= e =i should be exponential characterized by a rate constant. Since
n>1 a semiclassical surface hopping treatment is justified

FIG. 1. Electric field energy curves for a TLS coupled to a for the crossing rate.
quantized radiation field. The adiabatic curves are also shown as We therefore employ qualitative semiclassical ideas de-

dotted lines. veloped in the context of nonadiabatic rate thefitg] to
treat the TLS dynamics in the quantized field representation

m(hA)? for woVo>#AA?. Earlier work has show10,11 that the
6= THEuN ) curve crossing rate exhibits at high temperatures a plateau

spanning a wide range of friction. This behavior is the result
Here= \ are the slopes of the two electric field curves at theof cancellation[10] between the Kramers adiabatic factor
crossing point and’ is the corresponding classical “veloc- [12] that tends to diminish the rate at sufficiently strong dis-
ity,” which Corresponds here to the magnitude of the mag_sipation and the Landau-Zener probablllty that enhances
netic field component. 15> 1 the motion is essentially con- transitions between diabatic potential curves. Since the field
fined to one of the “adiabatic” curvetsee Fig. L In the  €energy is in the classical limit much larger than the energy at
opposite limit where 5<1 frequent transitions between the curve crossing point, the activation factor is unity. Within
curves occur and the dynamics is nonadiabatic. the quasiclassical surface hopping model, the forward curve-
To evaluate the adiabaticity parameter in the case of thérossing rate is then given by the frequency of passing
driven TLS characterized by the Hamiltonian of E8), note  through the curve crossing region times the Landau-Zener
that the slopes of the electric field curves at the crossing!OPpPiNg probability

point are . g
0o 12 Ksc= 2( E) Pz, (108
while the “velocity” can be obtained from the energy con- P,=1-¢? (10b)

servation condition
L2 1 22 is the Land_au-Zener factor. Substitution_ of the adiabaticity
2Vt 3000c=(N+ 12l wy, (7@ parameter in Eq(10) leads to the following result for the
forward curve-crossing rate:

where
2
£ 90|y g | - THAS
V2 ksc= - 1 xp( Vo | (11
de=——C (7b)
hwg Finally, the overall decay constant that characterizes TLS

. . ) . o delocalization is
is the distance of the crossing point from the minimum of

one of the harmonic curves in E) (cf. Fig. 1). Since L g m(hA)? 2h A2
n>1 in the semiclassical limit, the electric field component ~ Ksc=2Ksc=2——|1—exp| — hogVs || Vo
at the crossing point is small compared to the total field (12
energy and can be dropped, leading to the result

This result is independent of the parameters of the environ-
v=[(2n+ D) w]*2 (8) ment and of the frequency of the driving field.
Therefore, by recognizing the analogy between delocal-
Substitution of Eqs(6) and (8) into Eq. (5) gives the adia- ization in a driven dissipative TLS and nonadiabatic rate
baticity parameter for a TLS driven by a monochromatictheory we have established the existence of a plateau in the
field: decay constant of a localized state at high temperature. Com-
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parison of Eq(12) with the result of the noninteracting blip
approximation[5] for the force-free TLS coupled to an
ohmic bath shows that the decay of localized states can be
delayedsubstantially via proper driving at moderate values
of the dissipation parameter. The decay constant in this re-
gime isuniversal as it depends only on the intensity of the
driving field. On the other hand, the portion of parameter 2 00
space exhibiting a rate plateau depends on the value of theR,
adiabaticity parameter, increasing with the intensity of the
field. We note that increase of the field frequency does not 0.5 J
necessarily favor the rate plateau, as the effects of driving
average out to zero when the field and tunneling frequencies
are adiabatically separated. 1.0
Dakhnovskii[13], as well as Grifonkt al.[14], have ex-
tended the noninteracting blip approximatigdiBA) [5] to
treat the TLS dynamics in the presence of time-dependent
driving. These works resulted in kinetic equations for the FIG. 2. Th . | function of fi ith
decay of localized TLS states subject to high-frequency driv- - 2. The expectation valfer,(t)) as a function of time wit
. . . the generic driving field/q=30# A, wo=15A atA BA=0.1 and for
ing. Although the full NIBA result obtained in Refl3] yarious values of the Kondo parameter
generally predicts qualitatively correct behaviors with regard '

to the driven TLS dynamics, Dakhnovskii's prediction of ot \ve present path integral results for the delocalization
field-induced increase in the TLS decay rate is in disagree,

: __— I =%rate in the case of an ohmic bath with exponential cUtoff
ment with the present findings at weak or moderate frlctlon.-rhe spectral density has the form

This discrepancy arises primarily from breakdown of the ap-

proximations employed in Refgl3] and[16] to simplify the T

NIBA result. Other recent analysis of the NIBA res{ii7] J(w)= Eﬁa w e e, (13
predicted a decrease of the TLS delocalization rate due to

driving, in harmony with our results at weak or moderatewhereq is the dimensionless Kondo parameter that charac-
dissipation. None of these earlier works revealed the exXisterizes the friction strength. The TLS is initially in thel
ence of a medium- and frequency-independent rate regime(right-localized state. We choose.=20A.

At very weak or very strong dissipation the driven TLS  Figure 2 shows the evolution of the average TLS position
decay constant is expected to deviate from the result of Edp(t)=(o,(t))=Tr{p(t)o,] (Wherep(t) represents the TLS
(12). At small values of the friction phase coherence betweeReduced density matrixfor generic field driving at several
resonant energy levels on the diabatic potentials should geRg|ues of the Kondo parameter. While the dissipationless
erally lead to increase of the decay rate above its plateagriven TLS exhibits coherent oscillations, the localized state
value[18]. Deviations from this trend may occur if an addi- gecays practically exponentially even at fairly small values
tional symmetry exists that prevents the accumulation ofbf the Kondo parameter. It is thus clear that the concept of a
phase which leads to rate enhancement. For example, if th@te is appropriate in this regime.
field parameters correspond to a degeneracy of the left- and The dissipative TLS decay constant at the same tempera-
right-displaced photon state$9,20, transfer between diaba- tyre is plotted in Fig. 3 as a function of the Kondo parameter
tic potentials is possible only via coupling to the bath and then the cases of a generic driving, under optimal localization
decay constant should decrease as the friction parameter agsnditions as well as in the absence of driving. It is seen that
proaches zero. Such effects are intimately connected to dene Jifetime of a localized state is significantly extended in
generacies in the driven TLS quasienergy spectrum that aligoth driven systems. With both driving fields the TLS decay
known to cause in the absence of dissipation exact localizaonstant displays a broad plateau where the computed decay
tion at times which are multiples of the Floquet per{dd.  rate is in excellent agreement with the prediction of &).
Such effects will be examined in more detail in another pub-The qualitatively distinct effects of the above fields on the
lication [21]. tunneling dynamics of the bare TLS are responsible for the

To confirm the above theoretical analysis we have peryifferent trends observed in Fig. 3 at weak friction. These
formed accurate numerical calculations on the decay of initrends are in qualitative agreement with the arguments pre-
tially localized states in a symmetric TLS coupled to genericsented above.
dissipative environments. The calculations employ an itera- similar behavior is observed in Fig. 4, which shows the

tive path integral scheme developed earlier in our grouprs decay rate for a superohmic bath characterized by the
[22,23 (for a review se¢24]) generalized to time-dependent spectral density

potentials [4]. We choose a driving field of amplitude

Vy=304A and present results for the generic driving fre- T 1)
guencywy=15A and for the optimal localization condition Iw)= Eﬁ“ “’(Z
wo=10.87A. The second set of field parameters leads to sup-

pression of tunneling for the dissipationless TLS. All calcu-We choosew.=3A. The maximum of this spectral density
lations presented below are carried out at the temperatum@ccurs atw= 2w, and therefore lies well above the bare TLS
B 1=10A. tunneling frequency. Results are shown for the generic driv-

1.0

)ew’wc. (14)
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FIG. 3. The decay rate of an initially localized state as a func- FIG. 4. The decay rate of an initially localized state as a func-
tion of the Kondo parametex for an ohmic batHcf. Eq.(13)] at  tion of the Kondo parameter for a superohmic batfcf. Eq. (14)]
#BA=0.1. Dotted line: force-free TLS. Solid squares: TLS driven at #AB=0.1. Dotted line: force-free TLS. Solid squares: TLS
by a generic driving field withV,=304A, wy=15A. Hollow  driven by a generic driving field witVy=3024, wo=55A. Hol-
circles: TLS driven by a localizing field with low circles: TLS driven by a localizing field with
Vo=30iA, wo=10.87A. The arrow indicates the theoretical result Yo=30iA, wo=6.933\. The arrow indicates the theoretical result
of Eq. (12). of Eqg. (12).

_ should be destroyed at high temperature and/or large friction,
ing frequency wo=5.5A and for the valuewy=6.93R e theoretical analysis presented in this paper shows a dif-
which leads to localization of the dissipationless system. It igrent trend: while weak friction opposes perfect localization,

seen that the driven TLS exhibits incoherent relaxation charg, ther increase of the dissipation parameter leads to a pla-
acterized by a rate constant which again depends only on thg,, where the decay rate can be small, yet independent of
overall field amplitude over a wide range of dissipation ,ost parameters and thus achievable without fine tuning of
strength, in line with the theoretical analysis presentedyyperimental conditions. This robust phenomenon may find a
above. novel application to the control of charge oscillations in

From a practical point of view, the existence of a “uni- semjconductor double quantum well nanostructures.
versal” small delocalization rate at high temperature implies

that significant control of tunneling dynamics can be

achieved via irradiation with strong monochromatic fields This work has been supported by the National Science
under diverse conditions. Although simple arguments abouFoundation under Grant No. NSF CHE 93-13603. We thank
phase coherence may lead to the conclusion that localizatiodartin Gruebele for useful comments on the manuscript.
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