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Time-dependent resonant tunneling via two discrete states
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We theoretically investigate time-dependent resonant tunneling via two discrete states in an experimentally
relevant setup. Our results show that the dc transport through the system can be controlled by applying external
irradiation with a frequency which matches the energy difference between the discrete states. We predict
resonant phenomena which should be easily observable in experiments.

Time-dependent tunneling phenomena have received irassumed to have continuous energy level spectra and are
creasing attention in recent years. In the early eightiést; Bu filled up to their respective Fermi energies. If we neglect all
iker and Landauer studied the tunneling time needed for atunneling processes, a system of discrete many-body states is
electron to traverse a potential barfdeviore recent theoreti- formed in each dot. The best conditions for transport occur
cal work focused on the time-dependence of resonant tunneWhen it costs no energy to transfer an electron between the
ing using an effective Sch(tinger equatio?] and on a de- dOtS, i.e., the .energy difference betWeen- a state with one
scription of the time-dependent current through mesoscopi€Xtra electron in the left dot and a state with one extra elec-
structures in terms of nonequilibrium Green's functidris. ~ tron in the right dot is zero. In the experiment in Ref. 5, this
addition, the considerable improvement in nanofabricatiorenergy difference could be tuned by an external gate voltage.
techniques facilitated some interesting experimental studied.he current through the system vs gate voltage consists of a
Kouwenhoveret al. measured the photon-assisted tunnelingSeries of peaks corresponding to the resonances between dif-
current through a single quantum dot with an effectively conferent discrete states. There could be a variety of different
tinuous level spectrum, due to thermal smeafingn der transport processes occuring in a resonance point, as de-
Vaart et al. studied the dc current through a double dot sys-Scribed in Ref. 8. We concentrate on the simplest experimen-
tem, with well developed 0D states in each dot and clearlyally relevant case, namely, when the resonance occurs be-
resolved resonances between energy |eve|s in boﬂ?d’dite tween the ground states of both dots. We assume that the bias
sharp resonance features make it very tempting to perforrfoltage is much larger than the temperature and the energy
experiments with time-dependent fields. The dc currenflifference between the states in resonance. Consequently,
through such a structure in the presence of oscillating field§lectrons can only enter the two-dot system from the left and
may be expected to dispiay interesting phenomena’ not Oﬂeave |t Only to the r|ght Tl’al’lsitions from the |eft and to the
servable in a single dot. right lead are possible with ratds andI'g, respectively.

Some time-dependent aspects of resonant tunneling videre and throughout the paper, units are used such that
two wells in layered semiconductor heterostuctures havé=1. Under the conditions mentioned above, the tunnel
been studied in Refs. 6,7. However, the states in such stu¢ates close to a resonance point will depend weakly on the
tures are not really discrete and it is plausible to disregardias voltage and we will, therefore, treat them as constants.
Coulomb blockade effects. This makes it impossible to apply/Ve will assume that the voltage applied is smaller than the
the results of these works to realistic ultrasmall quanturfcoulomb threshold for adding yet another electron so that it
dots.

In this paper, we use the density matrix approach of Ref.
8, in which the resonant states, being true quantum-
mechanical many-body states of the two dots, are described
by a time-dependent tunneling Hamiltonian. Transitions be-
tween nonresonant states of the system are taken into ac-
count through a master equation for the density matrix ele-
ments. We calculate the photoresponse of the system in
several experimentally relevant limits and derive an explicit
expression for the shape of the resonant peaks in the case of
an external perturbation with arbitrary amplitude. Close to
resonance, the dc current is found to be very sensitive to the
oscillating field. The satellite resonances induced by theex- "}  B§---—--
ternal oscillating field can be of the same order of magnitude i
as the main static resonan?e Wlt_h an even Sma”er width. FIG. 1. Schematic picture of the system. Two quantum doésdB are

The system under consideratidfig. 1) consists of tWO  ¢oypjed to leads andR via tunnel junctions. Transitions are possible with
quantum dotsA andB in series. The dots are connected by ratesI', andT's. The tunneling rate between the dotsTisand the energy
tunnel junctions to two large reservoitsand R, which are difference between the levels is denotedey).
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is impossible, due to the Coulomb blockade, for an electron aplat=(T +T+ e+ coswt) p+C (6)
to tunnel into the system, while another electron is still ’

present in either one of the dots. We concentrate on tWthe[eﬁA:(pa,pb,pab,pba)T, c=(I'.,0,0,0), and the matri-
states only and disregard other states, which is allowed in thgesT", T, €, and € correspond to Eq(5). The stationary
neighborhood of the resonance. The system can also be ingg|ution of these equations without irradiation is

third state|0),° when there is no extra electron in either one > aaag=

of the dots. The energies of the resonant states, which both po=—(I'+T+e&) c. @

lie well between the electrochemical potentials in the left and’rhis determines the Shape of the Stationary resonant peaks
right lead, initially differ by an amoung,. Under these con- opserved by van der Vaaet al..®

ditions the transport through the system depends only very -2 2 2 2
weakly on the bias voltage, but does depend strongly on the lstar= TTRIITH2HTR/TY) FTRAT €], ®)
gate electrode via the energy differenge We assume that The first order correction to the stationary solution is
a time-dependent oscillating signal is applied to the gate - -y . - .
electrode, so that the time-dependent energy difference be- p1=p1 EXpiwt)+p; exp—iwt), ©)
comese(t) = eg+ ecoswt, wheree is the amplitude and the
frequency of the externally applied signal.

The dynamics of the resonant statgs, and|b), is gov- R L R R
erned by the time-dependent tunneling Hamiltonian pr=—(T+T+e&Fiol) 1(el2)p,, (10
Tt)=7(t) + 77, where.7Z, is given by

with Eli the positive and negative frequency part, respec-
tively:

) 1 being the unit matrix. This contribution contains only os-

o7 1 _

Ho(t) =z e(t)(|a)(al—[b){b]) @ cillatory terms, which average out when calculating the dc

and.7; describes the coupling between the dots that introcurrent. We, therefore, also determine the second order cor-

duces mixing between the eigenstates and |b) of the  rection termg(proportional toe”) and obtain

system: > A e A - -

po=—(I'+T+e)) ~(e/2)(pg +p1)- (11)

T7=T(|a)(b| +[b)(al). 2 i

L Using the density matrix elements we may calculate the

The average current through the system is given by photoresponse of the system. This quantity can be easily

(e=Tr(p7), (3 measured experimentally by slowly modulating the irradia-
where.7 is the current operator: tion amplitude® In Fig. 2, a plot is given of the photore-
7=iT(|la)(b|—|b)(al) 4) sponse as a function ofy and w for I'y =T'R=0.2T. The

figure clearly shows resonant satellite peaks doland ¢
and p is the density matrix for the two-level system. We satisfyingw?= €3+ 4T?2, i.e., resonant modes occur when the
describe transitions between different states in the densitjrequency of the applied perturbation matches the renormal-
matrix approaclf. The equations for the density matrix ele- jzeq energy difference/ej+4T? of the two levels. For fre-
ments read quencies below 2, there are no satellite peaks, because the
Apal t=~+T potiT(ppa— Pab) (58 energyfw of the photon is smaller than the energy level
9pu] t=—Trpy—iT(Ppa— Pab)s (5p)  Spacing. The evolution of a resonaEt satellite peak is shown
L ] ) in Fig. 3, where a current peak far=3T has been plotted
Ipar/ 1=~ 5 rpapti€(t) paptiT(py—pa), (5C)  vs ¢, for different values of r/T=T, /T. We see that the
Appal t=— 2T rppa—ie(t) ppa—iT(pp—pa), (5d)  Peak can be seen even at moderately .Iarge valué o7,
H q L denote th babilt but the best resonance conditions occur when
where p,, py and po=1—p,—py, denote the probabilities .o andw= Je2+ 4T2.
for an electron to be in the left dot, the right dot, or in neither RWe ha(;/réeoc)jeveloap))ed ;Osecond approach, which allows us
: . ; ; ,
dot, respectively, ang,,=pp, are the nondiagonal density ¢, gypiore the satellite peak at arbitrary values of irradiation

matrix elements. In these equations, the terms proportional tQmpIitudeE under the conditions mentioned above. Substi-
I', andI'g describe the transitions to and from the reservoirs

between the state®) and|a) and the statesb) and|0), :]uetlr}g é’t? P Ot:errfn +s(t)reé)xpoar(t?2:all) *tg):Xpé._';"t) 'réEo%tg.?] and
respectively. All other terms follow from the Liouville equa- glecting proporti XpRiwt), w !

tion: idp/dt=[.7,p]. Note that the rateE, andI'g do not dpol t=Tpo+ o+ T)po+ (e/2)(p,+p_)+¢C, (129
enter the equations in a symmetric wdyg describes the - Ao A AL o

decay of the resonant states, wherdas describes the dp+lt=Tpot (ot T—iwl)p,+(el2)py, (12D
buildup of these resonant states. aﬁ,/at=f“[5,+(%O+f+iwi)§,+(2/2)ﬁo. (120

The relevant energy scales of the system are the transition
ratesI", andI'r, the tunneling amplitudd, and the fre- Near the resonance point, we can approximate the solution
quencyo and amplitudee of the applied perturbation. There ; by an expansion in terms of the eigenvectors of the matrix
are three limiting cases for which we can develop an analytifsO
cal approach to the problem. They are complementary and > > . L
essentially cover all the interesting physics. \ivherevl an.dvzlare the elggnvectors2W|th elger?value 0 and

We will first consider the limiting case of a small pertur- V= those with eigenvaluesiye+4T". We obtain a set of
bation amplitude; é<w, T, z. Using the fact that four closed equations for the coefficients, . - by taking

po=1—p.—py, we rewrite Eq.(5) in matrix notation: the inner product of Eq(12a with v, anduv,, of Eq. (12b)

+T: pg=avitasv,, py=a,v,, and p_=a_v_,
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with v, , and of Eq.(129 with v_. Solving for the station-
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FIG. 2. Scaled photoresponse of
the system, as a function of the energy
difference €, /T between the levels
and the frequencw/T of the applied
signal. The plot was made with
' =Ig=0.2T.

height of the stationary peak. This saturation occurs at rela-

ary solution and calculating the current profile near the resotively small e~T'z. The width of the peak increases with

nance pointe,=+w’—4T? results in a Lorentzian line
shape:

l/e=1maW?I[W+ (€0— €,)?], (13
with height
| max= €T r(@® = 4)] y(yT &+ B, (14
and half width at half maximum
w=(al2\a?—4)\T 2+ Bl ye? (15)

wherea= /T, B=TR/T +2, andy=a2+/3—4.

In the limit of small amplitude, the height of the current
peak scales with the square f | a=€2(a®—4)/y*TR,
whereas the width remains constant=jal'g/\a*—4

~I'g, consistent with the results presented in Fig. 3. At
0) the peak vanishes, as seen in

a=2 (corresponding te,=
Fig. 2. With further increase o the current saturates at a
value of | ,=T'r(a®>—4)/By, which is of the order of the

_
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FIG. 3. Evolution of a satellite peak for ratid§ /T= I'r/T= 0.2, 0.5,
1.0, and 3.0, respectively. The plots were made for a frequeney=o3T.

growing . At e>T'g, it is proportional toe.

Therefore we have shown that, under good resonance
conditions, the current is very sensitive to the external irra-
diation. A relatively weak irradiation induces a big satellite
peak that has a much smaller width than the stationary one.

For small tunneling amplitudes, providedey>TI'g, the
height scales witiT2: | ,,,=T?€?/T' rw?, and the half width
reduces tav=3I'r. These results agree with the expression
for the photon-assisted tunneling current derived below,
where we consider our third approach, in which the tunnel-
ing amplitude is small compared to all other energy scales in
the systemT<e,w,I' g.

First, we perform a transformation on the density matrix
that leaves the diagonal elements invariant and which
changes the nondiagonal elements as follows:

Eabzpab eXF{ —i J_tdef(T))'

This transformation eliminates the explicit time dependence
in Egs. (5¢) and (5d) and introduces it in the transformed
tunneling amplitude. The equations for the nondiagonal den-
sity matrix elements now assume the form

(16)

Ipanlt=(i €9— iTR)Pap+iT(D(pp—pa), (A7)
with the time-dependent tunneling amplitude,
— t
Tt)=T exr(if dTG(T)). (18

The equations fop,,, are simply the complex conjugate of
Egs.(16), (17), and(18). For pyp, ,, in the lowest nonvanish-
ing order inT, we obtain

pabo=iT/[3Tr+i(w— €. (19
Expanding‘F(t) in a Fourier series;
T)=T > J.(ew)exp —inwt), (20)
n=-—wx
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FIG. 4. Scaled current through the
dots, as a function of the energy differ-
encee, /T between the levels and the
amplitude /T of the applied signal.
The plot was made witH'r=T and
w=10T.

and calculating the dc current, E@), results in longer containd’| . Because the tunnel rate from lead to dot

o is much larger than the tunnel rate between the dots, the

(N e=T7Tg > J2(elw)/[iT3+(nw—€p)?], (21)  Wwidth of the level is, in this case, determined By and T
n=-—e only.

whereJ,, is anth order Bessel function of the first kind. This !N conclusion, we have presented a complete theoretical
equation for the current is similar to the expression found byPicture of the dc transport through a double quantum dot in
Tien and Gordotf for the photon assisted tunneling current € Presence of external harmonic irradiation. The photore-
through a superconducting tunnel junction. Note, howeversPonse of the system exhibits extra resonant peaks when the

that in the Tien-Gordon case the current has been considerdgauency of the external irradiation matches the energy dif-
as a function of bias voltage, whereas in our case, it is erence between the discrete states. At a further increase of

function of ,, the energy shift of the discrete levels. Analo- the irradiation intensity, this satellit_e peak becomes of the
gously, the alternating field is not applied in the bias direc-S2M€ order of magnitude as the main peak, but preserves the
tion, but rather to the gate electrodes. _much ;maller W.Idth. At small tun.nellng amplltude; and large
In Fig. 4, the current has been plotted as a function op_ra@auon amphtuQe extra satellite peaks appear in a pattern
€, andz. The figure clearly shows that the current is Com_S|m|Iar tl% that obtained for a Josephson junction by Tien and
posed of a number of satellite peaks each separated by tif&ordon:
photon energyi w. With increasing amplitude, the number We acknowledge fruitful discussions with L.P. Kouwen-
of visible current peaks increases. The peaks all have theoven, M. Biitiker, N.C. van der Vaart, and G.E.W. Bauer.
same width I'y and have heights given by This work is part of the research program of the “Stichting
4T2Jﬁ(~e/w)/FR. In the limit of small amplitude, the height voor Fundamenteel Onderzoek der Mater{EOM), which
of then=1 satellite peak reduces tg.,=T?¢*/I'rw?, iden- is financially supported by the “Nederlandse Organisatie
tical to our earlier result. Note that E@1) for the current no  voor Wetenschappelijk OnderzoekWO).
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