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Dynamical responses of quantum dots by pulsed fields
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Tunneling currents of a quantum dot induced by pulsed fields are investigated theoretically using time-
dependent tunneling rates. Taking into account nonadiabatic effects, we present simple analytic expressions for
tunneling currents, which can be used to study the evolution of the occupation probabilities in the quantum dot
as well as extract system parameters governing tunneling measurements.
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I. INTRODUCTION the quantum dot. To do this, we use the formalism recently

There has been considerable interest in semiconductdleveloped by the authors based on the reduced-density-
guantum dots because of both fundamental and applied aSPerator theory? In the absence of the charging effects, a
pects. As well as for optoelectronic nanodevitdgjuantum S'm_”f‘lr problem is investigated by Wingreen, Jauho, and
dots are considered as potential building-blocks for quantur!€ir™" on resonant-tunneling structures. Even though the en-
computation and information processing because electronfg’dy band diagram of their system is very similar to ours
wave functions are easily tailored by patterning electrédes. (Fi9- 1), detailed formula governing the occupancy in the
For sophisticated implementation of such devices, it is esserfentral region is very different. The major difference be-
tial to understand detailed electronic structure of quantunfWeen two approaches comes from the constraint about the
dots. Tunneling spectroscopy is one of the commonly pertotal occupancy of two levels. In our case the total occu-
formed methods to characterize the electronic structure gpancy is restricted to be less than one due to a large charging
quantum dot§” In this method, a quantum dot is placed energy while such a cond|t_|on is not necessary if it were for
between two adjacent macroscopic electrodes and separaté@@rding effects. Along this aspect, our problem is rather
by tunneling barriers. Then, since tunneling is strongly af-Similar to thosg studied by Refs. 12 and'13 and their results
fected by energy levels in the quantum dot, barrier heightsf_or the tunneling currents are also available to obtain our
and capacitances between the quantum dot and leads, clinal forms. However, we adopt the approach of Ref. 10 be-
rents through the system contain the information related t&ause it provides rather expllcn expressions for.the tunneling
them. currents and the occupancies as well as is easily extended to

Although, in most experimental work, tunneling currentsthe case of more charged states. , ,
are measured in static conditions, we examine responses of 1he constraint about the total occupancy is automatically
the quantum dot to time-dependent perturbing fields, espd™Posed in the master equation in our problem. According to
cially to square pulsed form in this work. The reasons for thighe formalism in Ref. 10, the master equation is expressed in
are twofold. The first is to obtain the information about the terms of time-dependent tunneling rates. Within a sequential
electronic structure of a quantum dot which may be missinéunnelmg reg|me,'the.tunne_lmg rgtes take mto.account statg-
in static cases. Namely, we search for nonadiabatic effects fgePendent tunneling including spins and provide the associ-
give further information about the electronic structure. Along@t€d selection rules via overlap matrices between states.
this aspect, several experimental works have been aldgere. we neglect the selection rules in order to focus merely
reportec® The other is the controllability of the occupation On time-dependent properties of the system. This is equiva-
of electrons in the quantum dot by pulsed fields, which carfent to the situation that the quantum dot has less-
be extended to basic operations to manipulate quantum bits
in quantum computations. Cs — o

We consider a semiconductor quantum dot with two E,
closely-located-energy levels. This situation occurs in a dou-
bly stacked-quantum-dot geometry, where a dot-dot interac-

tion splits energy levels into bond and anti-bonding states || \I

E,

with their energy difference of about a thermal energy or
tunneling rate$.This geometry is of prime interest because
the bonding and antibonding states can be considered as a
basis of a charge qubit and the occupancy of each state may
be controlled by electrical pulsés. FIG. 1. A systematic drawing of a tunneling geometry is shown.

For such a system, calculations of tunneling currents argunneling barriers are model with capacitar@gand Cp, respec-
complicated by both nonadiabatic effects from external timetively, and a square pulsed fiel(t) is applied to the drain with
dependent perturbations and charging effects of electrons irespect to the source lead.
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symmetrical shape to give the finite and nearly same overformula based on the orthodox theory are not adequate to
laps between many-body states as well as has an eveamalyze its time-dependent properties. Instead, tunneling
number of electrons in a ground stdtee call it the vacuum rates incorporating nonadiabatic effects should be adopted.
state in the following sectignBy the even number of elec- To do this, we use the formalism in Ref. lithe nonequilib-
trons we mean that the excitation by a single-electron tunfium approach done by Wingreest al!! is also available,
neling is independent of spins and, therefore, releases tHewever with modified Green’s functions in the central re-
Kondo effects in our problert. By introducing simple forms  gion). According to the formalism, the tunneling rafg*(t)

of the tunneling rates associated with pulsed fields and sepaf a barriera through an energy levek) is given by

rating them into adiabatic and nonadiabatic contributions, we

derive analytic expressions for the evolution of the electron . 5 R

occupancy and the tunneling currents. Similar to Refs. /e _ €
11—12, th)é nonadiabatic cont?ibution gives rise to ringing N = %J_m d€{1+ tanhE(HEk)}ﬁ
currents which are resulted from the mismatch between o

incoming-electron energy and an energy level in the quantum Xf drevam(idh)m(el) L, dt'v ) )

dot. For easy comparison with experimental measurements .

we also propose a simple analytic form for a static compo-

nent of the tunneling currents as a function of pulse ampli-

tude and durations. It is found that the expression is approahere superscripts represent tunneling int6+) and from
priate to reveal detailed electronic structure of the systenf—) the quantum dot, respectively. Here, a time-dependent
and its dynamical behavior such as the time evolution of thdunction ofuv(t) is a voltage difference between the quantum
electron occupancy. For convincing ones of our results, nueot and the leadv. In the case of Fig. 1y,(t) are given by,
merical examples concerning about a typical situation are

given.
Cs
vp(t) Cs+Cp Vb
Il. THE MODEL AND CALCULATIONAL METHODS = V(t) = o) o(r,—1). (3)
vg(t) G Vs
As shown in Fig. 1, we consider a small quantum dot Cs+GCp

weakly coupled via tunnel barriers with capacitanGgsand } ] ) )
Cs to electron reservoirs, called source and drain. By a small The expression of Eq2) is derived by assuming sequen-
guantum dot we mean well resolved single-particle states iffal tunneling process resulted from very opaque tunneling
it due to the electronic confinement. Then, for not too largeParriers. So, for only static voltages applied, the tunneling
perturbations, it is a good approximation to consider severdiates are reduced to the widely used form,
lowest energy states for tunneling. We denote energies of the
single-particle states bl (k=1,2,..) which are measured
relative to the chemical potentials of the reservoirs at equi-
librium, We also assume that these states are located at high
positions over thermakgT=1/8) and tunneling broadening
(fiyo,fiys), whereT is a temperature angh, (ys) bare tun- %y{l -1 %(} _ ﬁ_(Ek+eva— iﬁn))}
neling rates of the sourdelrain lead. Consequently, tunnel- 2 2 2m
ing through these state is completely blocked in the absence (4)
of external perturbations.

As for external perturbations, we consider square pulses.
Although it is expected that, in experiments, a shape of avhere fz5(E,) are broaden Fermi-Dirac distribution func-
pulse is distorted due to stray resistances and capacitancest@ns for particles+) and holeg—), respectively, andy, is
external circuits, we assume here that an ideal square shapedigamma function. Whereas, when a pulsed perturbation
can be generated and transferred to the system, i.e., a voltagech as Eq(1) is applied, the tunneling rates from Eqg)
pulseV(t) is modeled by a Heaviside step functiéft) and(3) become,

Flc(d(t) = ’chfﬁD(Ek + eva + iﬁ’YQr)r

V(t) = Vo) (7, - 1), 1 at . .
O =Voll00l7 =9 . P = yafo(Exct e0,(t) = ify,)
whereV, is its amplitude andr, duration, respectively. The t Y F(Ex+ eV, —ifiy, By = ifiy,t) (5)
voltage pulseV(t) is applied to the drain with a positive
amplitude, so that at the resonant condition, the chemical . ,
. s “whereF(z;,2,,1) is defined by,
potential of the source coincides to one of energy levels in
the quantum dot for a pulse duration gf

Due to the rapid variation of external perturbativft) 5 o Yy
beyond prical characteristic times of the system, for ir_1- F(z;,2,t) = — Re Y, #Dn(zlazzt), (6)
stance, inverse of the bare tunnel rates, usual tunneling B nmoUnt+z)(Un+2)
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0 fort<o0
Dy (z4,25,t) = | eUnt2lti for0<t<r, (7)
e(Un+22)(t—rp)/iﬁ(e—i(Un+zl)rpliﬁ _ 1) fort= 7

with U,=m(2n+1)/iB. In the first term of Eq(5), energy dPy(t) N

levels in the quantum dot are simply modulated with the dlt :2F1+(t)(l_P2)_ YP1+ WP,

applied bias voltage(t) and thus the tunneling rates follow “

the applied voltages adiabatically. On the other hand, the

second term is the newly generated contribution from the dP,(1)

rapid time variation of applied voltages, say, nonadiabatic 2 => TS (1) (1= Py) — yP, — WP, (10)
contribution. It is interesting to note th&tis an oscillating dt a

function of time with a frequencyE,+eV,)/A for 0<t

<7, (e, a pulse is ohan_d_ Ek/ﬁ_ for t= u (ie., a pulse is with 7= v+ 7

off), respectively. In addition, in each time section, these g6 coupled differential equations do not give analytic
oscillations decay with about a rate pf+x/#8, and thus= o 4iong generally, therefore, we solve them in a numerical

is saturated exponentially to a steady value. The oscillato%ay as in the following section. However, approximated so-
behavior is resulted from the mismatch between incomingy ions can be inferred. To do this, we divide the solutions
electron energy and a energy level in the quantum dot, and iiﬁto two parts from the adiabatic tunneling ra(é’ﬁ) and the
a central property representing nonadiabatic efféztsing- nonadiabatic one(sPsN) of Eq. (5); Ps(t):PQ(t)+P’S\‘(t). Then,

ing” current found in Refs. 11-13 is also responsible for th|sthe solution ofP’,j(t) is given by, while a pulse is on,

oscillation.

In usual experimental situations, since energy le\gls
are enough high not to be occupied when a pulse is off, we . 1 ot L o O ot
restrict ourselves to the caselgf>fv,,1/B. Then, as soon P(t) =P+ 7(Fk ~ YpPe ™ - 7(Fk ~ YmPe?,
as a pulse is offt=7,), F shows rapid oscillating behavior 0 0
of a frequency ofE, /% compared to a time scale of @&/,
+w/hB), and therefore we may neglect its effects. As a re-
sult, the nonadiabatic contributioR has a nonzero value where I'=ysReff (E,+eVs—ifiye is the tunneling rate
only when a pulse is on. In other words, for a positive pulsento the quantum dot through the source with a static voltage
amplitude, tunneling intéfrom) the quantum dot through the equal to a pulse amplitude, aR{ is corresponding occupa-
drain barrier is not(alway9 possible. Then, the tunneling tion probabilities,

rate at the drain is simplified as,
I'%*(t) = I'°(t) = 9%y +w-T9 +wl? r9Yy-19
k =0, T\"(M= ) o= 1y 2) 2 po= 2y =T (12)

irrelevant of time. Ym¥p Ym¥p
With the time-dependent tunneling rates of Ef), the
occupation of electrons in the quantum dot is determined byogether withy,=y+(W+y0)/2, ym=y+(W=70)/2, and y,

11

the master equation, =4 r9-4rw+w?. According to this result, the adiabatic
Py (1) part of the occupatiorP(t) starts with a zero at a time
—7 - 2 (T () Py(t) = T ()P (D)} + WP,(1), =0 and exponentially approaches to a static valué’(kbhs

dt @ time elapses. By the presence of the phonon relaxdtion

#0), the lower state becomes more rapidly saturated to a
dP,(t) ot o larger value while the occupation to the upper is more re-
T dt =2 {27 (OPo(t) T2 (0P} -wPa(t),  (9) duced. On the other hand, the nonadiabatic contribution of
“ PR(t) can be obtained with a simple perturbed method be-
wherePy(t) and P, are the occupation probabilities to a state cause the associated tunneling rates have appreciable value
lk) and the vacuum state), respectively. Here, terms in the of I'; only in the small range of timé<t<1/y) and thus it
parenthesis describe usual changes of the probaBjlity by  is expected to have a small value much less than one. Thus,
the tunneling proces$-°The last terms are responsible for by substitutingPf(t) instead ofP,(t) in the right-hand side of
the relaxation of electronic states due to the electron-phonoRg. (10), we obtain,
interaction from the staté®) to |1), in which we model its
relaxation rate by a constant value,for simplicity.® Using ¢
the fact thatPo(t)+P1(1)+Py(1)=1 and Iy (0+T 0=y, PN(t) = 55 f dt' F(E, + eV — ihys Eq — ifiyg t' ){1 - Po(t")},
from Eq. (2), the master equation is further simplified as 0
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N t ) _ A ber of electrons transferred from the source to the drain per a
P (1) = ?’sf dt'F(Ep + eVs—ifiys By —ifiys t'){1 - PY(t')} single pulse.
0 In order to analyze dynamical behavior of the system, it is
(13) more instructive to measure the dc current as a function of a

Further simplification of these occupations can be made u —e'“'rl]?%edftijr:ggog and amplitude, and consider another dc cur-
ing Egs.(7) and (11), however, still in a series form. It is Y
found that the nonadiabatic contributi®(t) exhibits weak ) d(N)  dlgr;
oscillatory behavior nedr=0 and has a small saturated value lac(7p) = € dr  dr
much less than one. This fact is easily deduced if one recalls P P
oscillatory and decaying properties &i(z,z,,t) together ~Which is found to give a simpler expression for tunneling
with its integrals of Eq(13). currents than Eq17) does. To obtain a final result, we sepa-

When a pulse off, the occupation probabilities have aate time into pulse-on and -off regions in Hd.7) and then
simple solution because, in this time section, particles in thé@Pply the derivative with respect to the pulse duration to get,
quantum dot just escape from there to both leads. That is, 1

**=0 andl'"=v,. Thus, the probabilities become () = m{cg})(t) - CDItS(t)}t:Tp
ptCs
— a¥(7yt) _ aW(ryt)
P1(t) = "0 {Py(7p) + Py(75) (1 — €™ )} . voCs— )/SCDE{P P} (19

ACs+Cp) dt 2
where a sufficiently long pulse-off region is taken into ac-
gount. This relation is further simplified by using Ed8),
rgiLO), and(16), and finally we obtain

(18

P,(t) = "W Py 1), (14)

to exhibit decaying behavior as time elapses.
As for tunneling currents, since an external perturbation i
time-dependent, it consists of two components; displaceme

and tunneling currents. If a positive current at each lead is €YD s o
defined to flow into the quantum dot, curremtst) flowing g 7p) = =AY (7p)[1 = Po(1p) ] + T3 (7p)[1 = Pa(7p) I}
in the leada are given by, 4
t t t (20)
('D(t)> :ﬁ%% 1 )_ﬁ(b) + (IE’). This is a main result in our work for pulsed responses of
Ist) ) Cp+Cs dt \-1/ Cp+Cs\Cs Is quantum dots. For a large pulse duration, the above expres-

(15)  sion gives the same results as those in a static case because

i ) . tunneling rates and occupation probabilities approach to their
Here, the first two terms are the displacement currents inz

_ _ Static valuesI'Y and P, respectively. However, it is noted
duced by external perturbations and tunneling processes, r K N y y

3 : X > 'fyat for a small pulse duratiotr,<y) the currentiy(,)
spectlvely, whereas the last term IS the tunneling ContrlbuE~:hows different behavior from that in the static case. Let us
tion. Due to the charge conservation, the total currents ar

Sssume a small pulse duration in which the occupation prob-

conseryed irrelevant of.tlme, |.te., the sum of total currents iiivias are negligible. Then, the curreigy(;) depends on
(Ip+lg) is zero. A tunneling part (t) represents the average tunneling rates through a source directly
number of electrons tunneled from the quantum dot per an '

unit time through the barrie®, which are given by, in terms . _ €YD s o
of the tunneling rates and the occupation probabilities, lad7p) = T{Fl (7p) + 27 (1)} (21)
NOE e {TE(H)P4t) - T ()Py(1)}. (16) This expression also holds for small pulse heights well below
S

the lowest level which may give negligible occupations.

As in the orthodox theorf19each term describes the total FOM this result, one can estimate time-dependent tunneling
number of electrons tunneling out of or into the quantum dot/t€S of each energy level through the source by adjusting a

Now, we focus on a static component of currents becausBU|Se _amplitude. FO( a pulse duration Ionger than the bare
it is easier to measure in experiments compared to alternatin#nne“ng ratey, the time-dependent tunneling rates become

components. If a pulse repetition timess from Eq.(15) the eir static values of Y and the adiabatic contribution of the
de current is obtained as occupation probabilities is dominant. So, in this case the cur-

rentiy. becomes,
I S Ly e —
lgc= (Cot Co) fo dt{Cdp(t) = Cplgt)} = &(N)/7;, ENE e—;’f’{rg[l ~PA(r) ]+ TYL =P (22

(a7 Using this, one can see that the current as a function of time
where we assume a pulse sequence with a long pulse-offirectly reflect the evolution of the occupation probabilities
region compared to the inverse of tunneling rates, so that thia the quantum dot. So, by fitting data measured in the whole
system is always in equilibrium before another pulse arrivestange of a pulse duration to the above current expressions, it
In other words, this means each pulse is considered as indés possible to estimate the occupation probability of each
pendent one an¢N) can be interpreted as the average numdevel. Furthermore, comparing this evolution with tunneling
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FIG. 3. For a symmetric geomet§p=Cg and yp=1ys, the cur-
________________ P2 (b) rentsiy. (defined in the tejtare plotted as a function of pulse
0.0 L R ——— duration for several pulse amplitudes. The dotted lines represent
0.0 0.5 1.0 1.5 : .
p results in the presence of the energy relaxatiowsby, however,
0.4 " T in the most cases they are not resolved from those00 except
o1k b E for Vy=2080. Here, currents and tunneling rates are measured in
’ r///\ units of ey and vy, respectively.
~-02 | .
R ' i The occupations are monotonically increasing functions
e s © while a pulse is on and then decayed in the absence of a
08 03 o Ts pulse as shown Fig.(B). Overall patterns are mainly re-

PO ’ sulted from the adiabatic contributions of EHd1) and the
contribution from the nonadiabatic term is found to be neg-
ligibly small. Effects of the electron-phonon relaxation from
|2) to |1) are well resolved in the occupation probabilities. As
indicated in Egs(11), (12), and(14), more rapid increase of
the occupatiorP,(t) is found compared with those fav=0
while P,(t) shows slower increase and a smaller saturated

i btained f d data for short pulse durati value as shown with a thick-dotted line in Figb2
rates obtain€d from measured data for short puise durations, Fig. 2(c), we plot tunneling currents at the drain and

one may determine the electron-phonon relaxationwaté . e a5 a function of time. It is found that time-dependent
the system. behavior is largely different at the source and drain when a
IIl. NUMERICAL RESULTS AND DISCUSSION pulse is on although their total currents of Efj5) are equal
to each other. This result is caused by different time-

For better understanding of our results, we now examineiependence of tunneling rates at the source and drain. In fact,
tunneling currents numerically. For this, we consider a typi-the detuning energies @V, +E, are very different between
cal case of the system satisfying conditions addressed in thoth electrodes. In the case of the drain, since the detuning
previous section; in the units of tunneling rates yp+7vs,  energy is very large, the nonadiabatic contribution to its tun-
two energy levels in the quantum dot are assumed to bgeling rate can be neglected and thus is independent of time.
located atE;=1000:y and E,=1040:y, respectively, at a So, its time-dependent behavior comes from the variation of
temperature off=fy/kg. Then, if capacitances of barriers the occupation probabilities of electrons in the quantum dot.
are equal to each othéCp=Cg), for pulse heights oV,  Whereas, at the source, since the detuning energy is rela-
=2000, and 208®y/e, the chemical potential of the source tively small, the nonadiabatic contribution of the tunneling
coincide with the lower and upper energy level, respectivelyrates is appreciable. Thus the time-dependence of tunneling
while a pulse is on(The above numbers should be taken ascurrents is determined from both the tunneling rates and the
suggestive estimates; our scheme is general and does r@écupation probabilities, in which, however, ringing behav-
depend on these specific valyes. ior is mainly responsible for the tunneling rates. When a

First, in Fig. 2a), we plot the tunneling rates of E(p) as  pulse is off, tunneling currents decrease exponentially be-
a function of time when a square pulse with a duration ofcause only electrons escaping from the quantum dot contrib-
,=1/y and a amplitude ofV,=2070iy/e is applied at ute to the currents. Since the same tunneling ratgpefys
t=0. Similar to the shape of an applied pulse, the tunnelingire used in Fig. 2, the tunneling currents at the drain and
rates start with a zero and have an infinite slopé=dl. As  source are calculated to be equal to each other in this time
expected in the previous section, while a pulse is on, theyegion.
shows oscillating behavior about an adiabatic value of In Fig. 3, we plot the curreni,, as a function of a pulse
Yo Refip(Ext+eV,—ifiy,) with a frequency of E +eV,)/. duration for several amplitudes. As expected in the previous
Simultaneously the oscillations are decayed with a rate o$ection, the currentg, shows characteristic oscillating be-
v,+7lhB, so that in the inverse of this rate the oscillating havior resulted from the time-dependence of tunneling rates,
behavior is nearly disappeared. where frequencies of the oscillations are equal to the detun-

FIG. 2. Foryp=vs=0.5y andVy=2070:y/e, we plot the tun-
neling rates available to each level (@. For electron-phonon re-
laxation rates ofv=0 (thin), 5y (thick line), occupation probabili-
ties and tunneling currents are shown as a function of timg)in
and(c), respectively. Here, a pulse widty are assumed to be %/
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ing energy of the sourceVs+E, and thus the oscillations 02 '

are modulated with two frequencies ¢E;+eVg)/A and

(E,+eVg)/h for a given amplitude of a pulse. As special DOJ T
cases, when one of the detuning energy becomes (&tro S V,=1960
V,=2000 and 2080 in Fig.)3the chemical potential of the 0.0

source coincides with the lower or upper level, and the cur- (@)
rentiy. oscillates a single frequency GE,—E;)/#A. In addi- 0175 o2 o8 1o
tion, when the chemical potential is located at the middle of T,

two levels(at Vy=2040 in Fig. 3, no oscillations are found
and the currenity. is rapidly saturated to its static value. This
is because the tunneling ratesIgf andI'5" oscillate out of
phase to each other. o
We also examine the dc curren for a finite electron- ~
phonon relaxation ratev. The dotted lines in Fig. 3 show
results of the current,, when the relaxation rate/ is much
larger than the tunneling rat&v=5v), so that the occupation 930 0.4 0.8 1.2
of the upper level is largely suppressed. It is found that the T
largest modification occurs at the pulse height where the
chemical potential of the source lies at the upper Iga¢l
V,=2080 in Fig. 3. Otherwise, the relaxation rate gives

0.4

FIG. 4. We compare calculated resu(slid lines of Fig. 3

with the current expressions of Eq21) and (22). For pulse am-

. o ) plitudes of V;=2080, 196G /e in (a) and (b), respectively, ap-

rise to a small modification t@c. proximated currents are represented by dashed and dotted lines. In

To model the currentg,,, we compare in Fig. 4 the cal- 6 case ofa), the difference between solid and dashed lines are not
culated results with simplified expressions of E@l) and  (g50lved.

(22). For a small pulse height such s§=1960 in Fig. 4a),

it is well fitted to Eq.(21) (its difference is not resolved in . . . . . .
. ) S fields. Treating the problem in an non-adiabatic regime, we
the figure because the occupation probabilities are nearly

. o show that dc tunneling currents as a function of a pulse du-
zero. However, for the case ,=2080, it is more conve- ration contain detailed dynamical behavior of the system. We
nient to use Eq(22) in the range of the long pulse duration y Y '

[the dotted line in Fig. ®)]. Consequently, from two also present simple expressions for the dc current, by which

complementary fitting results we expect that it is possible o€ can get particle occupations as a function of time as well

obtain a bare tunneling rate, at each barrier and the ?hse\r/narious system parameters by fitting experimental data to

electron-phonon relaxation rate, as well as dynamical '

properties of electrons in the quantum dot including energy

levels. For general cases such as an asymmetric barrier ge- ACKNOWLEDGMENTS
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