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Dissipative quantum tunneling of two-level systems driven by dc-ac fields
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The time-dependent average population in a two-level system interacting with an Ohmic boson bath and
driven by a dc-ac field is obtained. The study is performed within the noninteracting-blip approximation and
for the high-frequency driving case. The integro-differential master equation and the exact formal solution for
the average transition probability are obtained. The dissipative quantum decay and the transition temperature
from the coherent to the incoherent motion are investigated. The effect of the external electric field on the the
dissipative two-level system is found to destroy its coheref88063-651X98)05908-X]

PACS numbgs): 05.30—d, 71.10—w, 03.65—w, 32.80.Bx

Recently, there has been much interest in understandinginima, which is related to the energy levels splittiriyg;
the effect of dissipation and finite temperature on the quanandb, are the creation and annihilation bosgrhonon op-
tum mechanical tunneling in two-level systeifis2]. Both  erators, respectivelyy, is the frequency of théth boson;
Ohmic dissipatior{which is relevant to the problem of mac- andg, is the matrix element of the particle-boson coupling.
roscopic quantum tunnelingind strong electric field effects |n the driving field potentiaW(t), E is the dc electric field
have received considerable attentidn-9] An exact path- intensity, which breaks the symmetry of the two-level sys-
integral solution for the average population of a dissipativetem; E is the amplitude of the laser fielg; is the transition
two-level system was obtaindd]. The transient two-level dipole between the two energy levels; ang is the fre-
system dynamics for the high-frequency driven case waguency of the driving laser field.
studied by means of the series method defined by the recur- All necessary information on the role of the environment

sion relationg5] and the integro-differential kinetic equation s contained in the spectral density functidfw), which for
method[6,7]. Investigations based on the non-Markovianthe case of Ohmic dissipation is given ;2]

master equation approacfwhich is valid beyond the
noninteracting-blip approximatiofNIBA)] that governs the
dynamics of two-level systems were also perform@d J(w)z(Zwﬁ/qg)aw exp—w/w.), 2

We address in this work the problem of the dissipative
guantum tunneling in two-level systems driven by dc-ac
fields. The evolution of the population in a given well is whereqq is the the distance between the welsdiscussion
calculated with the integro-differential kinetic equation of the connection between a double-well and a two-level
method[6,10,11], which was already used to study a host of model is presented in Reffl]); w. is the cutoff frequency,
phenomena including electron localizatiofl0], low-  which is much larger thah (A/w.<1 is the limit of pri-
frequency, and even harmonic generat[dd,12, and the mary interest for the macroscopic quantum coherence prob-
transient dynamics in the low-temperature limit of dissipa-lem); and« is a dimensionless phenomenological parameter
tive two-level systems under the influence of a external elecrelated to the dissipatiofi,2].
tric field [6,7]. In this paper the exact formal solution of the  In the high-frequency driven case, the oscillating driving
kinetic equations in the NIBA is obtained, which gives thefield is effective in reducing the blip length, as stated by
average two-level system population when the high-Grifoni et al.[5]. Thus, whenever the NIBA is applicable in
frequency driving case is considered. We describe the dissthe absence of a time-periodic field, it is justified even better
pative relaxation of the system in the overdamped regimén the presence of a high-frequency driving field for the
and we calculate the transition temperature in which the tran©hmic casg5]. In both the high-frequency driving field case
sition from the coherent to the incoherent motion occurs. (A/wg<<1) and in the long-time asymptotic limit, we obtain

According to previous work$1,2], a two-level system the master equation for the average populatioft)) within
driven by a dc-ac field/(t) = wEy+ wE coswgt and in con-  the NIBA (for details, see Ref$6,7,13; hereafter, we take
tact with a bosonic oscillator bath can be described by thé =1)
spin-boson Hamiltonian

d{x(t)) t
Hoz—ﬁaxAmﬁEI w|b|Tb|+aZEl ai(b/ + b))+ o, V(). ai =—fo[h(t—tl)+g(t—t1)<X(t1)>]dt1. 3

D

In the above equationr, and o, are the Pauli matricess  with (x(0))=1 as the initial condition. The functiors(t)
corresponds to the tunneling matrix element between the twandg(t) are defined by
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h(t)=A2J [ 2a sin(wgt/2)]siM bwot]

X sin Qq(t)/ m]exr — Qa(t)/ ], 4
g(t)=A2Jo[2a sin(wot/2)]cog bwot]
X cod Qy(t)/m]exd — Qa(t)/ 7], 5
where
»J(w)
Q.,(t)=| ——sinwt do, (6)
0 W
(o) 1
Qz(t)=f0 2 (1—coswt)cot E’Bw dow. (7)

In the above expressiord, is the zeroth-order Bessel func-
tion, a=2uE/wq, b=2uEqy/wy, and 8= 1/kgT. Through a
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Laplace transformation with respect to time, the exact formal

solution forx(\) [the Laplace transform ofx(t))] within
the NIBA is
_1-h(\)/A

X()\)_)\+—g()\)’ (8)

whereh(\) and g(\) are, respectively, the Laplace trans-
forms ofh(t) andg(t). For «>1/2, the functiongg(\) and
h(\) have well-defined expansions around zero,

©)
(10

g(M)=gotAgit---,

h(\)=ho+Nhy+ - -,

with g,,h;<<1. Then, by applying an inverse Laplace trans-

formation, we get

X(7)=Xo+[1=Xole™ ™, (11
where 7= wot. The relaxation ratd” and the equilibrium
populationX, constants are given, respectively, by

©

T1-2«a
T 2

r-2_2ge Jn(@)

o 2l (o)l (a+2)m===

xcoshw(m+b)T] I [a+i(m+b)T]%, (12

ho
Yo

o0

> J2(a)sinf m(m+b)T)T[a+i(m+b)T]|?

XOZ

m

- 0

_2 J2(a)cosh w(m+b)T|T[a+i(m+b)T]|?

13

whereJ,(z) andI'(z) are, respectively, thath Bessel and
the Euler Gamma function and we have defiredA/w,
d=wolwg, andT=wq/mkgT.

According to Eq.(11), x(7) presents an exponential inco-
herent relaxation to the equilibrium population vakigwith
a characteristic relaxation rate constéhtWhen r—o, the

FIG. 1. Dependence of the absolute value of the equilibrium
population constanthy /gy on the scaled ac field=2uE/wy and
on the modified temperaturé (=wy/wkgT). The figure is ob-
tained by takingp=2uEy/wg=1 anda=1.3.

average population is given approximately Xy= —hq/dg,
the equilibrium population. Both the equilibrium population
Xo and the relaxation rat€' constant depend on the field
parameters andb, the dimensionless dissipation parameter
a, and the system temperature

Figure 1 shows that the absolute value of the equilibrium
population constanX, decreases when the system tempera-
ture is higher and/or the driving laser frequengyis small.
The decreasing rate of; is stronger when the field param-
etera is small, which means a weaker dc field intendfy
and/or a higher driving laser frequenay,. On the other
hand, Fig. 2 shows that the modified rate consthfit
=In[2I'/€6%¥] is bigger when the field parameter increases,
but smaller if the temperature of the system is higher. How-
ever, the modified rate constafit never vanishes. When
the dimensionless dissipation parameter1/2, we obtain
that only the quantum dissipative relaxation can be observed
in our system. So we can conclude that the localization phe-
nomenon observed in the undriven case cannot be observed
in the driven cas¢l,2].

10

FIG. 2. Dependence of the modified rate constant on the inten-
sity of ac fielda and on the scaled temperatiife: wy/ 7kgT. The
figure is obtained by takind=2uEy/wy=1 and a=1.3. T'*
stands for Ifi2l/e 2524].
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In the context of the macroscopic quantum coherence, the
observation or not of an oscillatory behavior would be of
fundamental significance to our understanding of quantum
mechanics. Previous analyses on the role of the dimension
less dissipation parameter>1/2 atT=0 have highlighted -
the absence of a “coherent” behavior what>1/2 and that [77]
coherence is very unlikely to occur even for>0

[1,6,13,14. Consequently, we shall restrict ourselves in the 10
following to the range of valuesQa<<1/2. To investigate
the transition from the the coherent to the incoherent motion,
we limit ourselves to the low-temperature limity
=xkgT/w.<1. In this case, it is straightforward to show
that
h(\) = woe?5%“f1(a,N,a), (14)
2
g()\):,yZa 1 \/_ AT(1- a)I‘()\/Zwa-Fa) ( ) FIG. 3. Behavior of the transition temperaturé(a,b,a) as a
20 T'(a+ 12T (N2yw.—a+1) I function of the dimensionless dissipation paramet@mnd of the ac
field amplitudeE. The figure is obtained by taking=2uEq/w,
2 Q2a
T wge” ™ p(aN, ). (19 —1.[T*]" stands for logd KT* /%A ).
The functionsf(a,N,«) andf,(a,N,«) are given by 27k T* () [(a+u*)
e [In(a)Hae
Al @) u*I'(l—a+u*) '
fi(aN,a)= e 2 22(a)(m+N)2*~1 (18
RSO ToT 2a)| &

whereAs; is the renormalized transition matrix element in
N—m the undriven casfl,14], u* is the real(negative solution of
' the equation

+ 21’ J2(a)|N—m[2e~t
(16) U [P (a+u*)—¥(1-a+u*)]=1, (19

and ¥ (z) is the digamma function, which is defined as
fo(a,N,a)= 2r(2 | E JZ(a)(m+N)y2et ¥ (2)=d In T(2)/dz[15].
From Eq.(19) we can see that the transition temperature
T*(a,N,a) changes not only withy, but also with the in-

+ E J2(a)[N—m|?e~ 1] (17)  tensity of the dc-ac field. Figure @btained by considering
b=N=1) depicts the dependence of the transition tempera-
ture T*(a,N,«) on the dimensionless dissipation parameter

whereI" is Euler's Gamma function and the prime to the o and on the intensity of the modified ac fiede= 2 uE/ wg.
summation means the exclusion of the term-N=0. We can see that* oscillates, which is a consequence of the
Since no coherent behavior emerges whenewer fact thatJy(a) is an oscillatory function. The transition tem-
=2uEq/wo# N [13], we set the scaled dc field strength to peratureT* (a,N,a) decreases when the modified ac field
be an integeb=2uEy/we=N. When the temperature is not intensitya is stronger. The decreasing of the transition tem-
zero, there is no branch point k{\). However, the branch peratureT*(a,N,a) when the intensity of the dc fielth
point \=0, whenT=0, and G6<a<1/2) cuts degenerates =N becomes stronger is directly related to the fact that the
into a set of poles on the negative r@aaxis with an uneven amplitude of the Bessel functions amplitude decreases when
spacing that grows roughly linearly with. The complex- their order becomes higher. Consequently, we can alter the
conjugate pair of poles moves towards the negative real axisransition temperaturd* (a) at which the transition from
eventually hits it, and then moves along it towards oppositehe coherent to the incoherent behavidr occurs or even
directions. If we now definel*(a) as the temperature at destroy the coherence by changing appropriately the dc-ac
which these two poles coincidgl,14], it is clear that(i)  field intensity.
whenT<T*(a), a coherent motion, i.e., a damping oscilla- In summary, we have studied the time evolution of the
tory behavior, should be observed in the system &nd average population in a two-level system interacting with an
whenT>T*(a), the average populatigix(t)) is given by a  Ohmic boson bath and driven by a dc-ac field. In the high-
sum of decay exponentials and cannot present an oscillatofyequency driving case, we have derived the integro-
behavior. differential master equation within the NIBA for the average
We can calculate the transition temperatré(«) at  transition probability. We have carried out the exact formal
which the transition from the coherent to the incoherent besolution of the average population equation through
havior occurs throught,6,13,14 Laplace transformers, obtaining the behavior of dissipative
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guantum decay fow>1/2. The external electric field was  This work was partially supported by the Funding Agency
shown to be capable of destroying coherence and the tenof the CearaState in Brazil(FUNCAP), the Brazilian Na-
peratureT* at which the transition from a coherent to an tional Research Counci(CNPg, the National Climbing
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