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Coherent and incoherent pumping of electrons in double quantum dots
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We propose an alternative mode of operation of an electron pump consisting of two weakly coupled
guantum dots connected to reservoirs. An electron can be transferred within the device at zero bias voltage
when it is subjected to electromagnetic radiation, thereby exciting the double dot. The excited state can decay
by transferring charge from one lead and to the other lead in one direction. Depending on the energies of the
intermediate states in the pumping cycle, which are controlled by the gate voltages, this transport is either
incoherent via well-known sequential tunneling processes, or coherent via an inelastic co-tunneling process.
The latter mode of operation is possible only when interdot Coulomb charging is important. The dc transport
through the system can be controlled by the frequency of the applied radiation. We concentrate on the resonant
case, when the frequency matches the energy difference for exciting an electron from one dot into the other.
The resonant peaks in the pumping current should be experimentally observable. We have developed a density
matrix approach that describes the dynamics of the system on time scales much larger than the period of the
applied irradiation. In contrast to previous works we additionally consider the case of slow modulation of the
irradiation amplitude. Harmonic modulation produces additional sidepeaks in the photoresponse, and pulsed
modulation can be used to resolve the Rabi frequency in the time-averaged current.
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[. INTRODUCTION Coulomb interaction between electrons on the same and on
different dots. It is assumed that the barriers separating the
In recent years quantum dots have attracted great atteteads and the dots are high and therefore the wave functions
tion. A quantum dot can be thought of as an artificial atomhave only a small overlap. A different approach would be to
with adjustable parameters. It is of more than fundamentalise scattering states of electrons that extend through the
interest to study its properties under various circumstancesgads and dots which is appropriate for almost transparent
e.g., by transport experimentsBy considering a double- barriers(see, e.g., Ref. 30However, the effects of Coulomb
guantum-dot system, the analogy with real atoms can b@teraction are not easily taken into account in this approach.
stretched to include artificial molecules. The analog of theBecause the transport mechanism in the above mentioned
covalent bond is then formed by an electron that coherentlylouble-dot pumps is determined by sequential tunneling,
tunnels back and forth between the two dots. By applyingelectrons are pumpeidicoherently i.e., the tunneling of an
electromagnetic radiation with a frequency equal to the leveklectron into and out of the device are independent events.
detuning in the double-dot system, an electron can undergalso, in these works the time-dependent signal is taken to be
so-called spatial Rabi oscillations even when the tunnelings monochromatic.
matrix element between the dots is small. In this paper we describe, firstly, an new mode of opera-
Recently, several time-dependent transport measuremertisn of such an electron pump. In this case, electrons can be
on quantum dot systems have been repottauost of them  transferred coherently through the system by means of a co-
being of a spectroscopic nature. It has also been suggestedttoneling process. Our device has to be designed in such a
construct devices from quantum dots. Examples of such apwvay that interdot Coulomb repulsion is important. By appro-
plications are pumps that transfer electrons one by one giriately adjusting the gate voltages the device can be made to
zero bias voltage by using time-dependent voltages to raiseperate in the co-tunneling regime or the sequential tunnel-
and lower tunnel barrier heightsor systems in which ing regime. The latter regime is considered here for compari-
coupled quantum dotgor quantum wells are used for son with previous works and should be distinguished from
quantum-scale information processih@everal theoretical the coherent one. In the co-tunneling regime the inteatiot
models for time-dependent transpdtirough a double quan- traction between an extra electron excited by the ac field into
tum dot have already been proposed. For instance, in Ref. @1e dot and the hole it left in the other dot stabilizes the
dc transport was considered for arbitrary bias voltage wheexcited state. Electrons are prevented from entering or leav-
the signal couples to the gate voltages of the dots. At zering the device independently and inelastic co-tunneling is the
bias voltage the system operates as an electron pump. In Rédwest nonvanishing order process for transport. This in-
7 the dc current, controlled by external irradiation, was convolves correlated tunneling events through the different junc-
sidered for finite bias voltage. These results were recentlyions connecting the dots weakly to the leads. The system
generalized to include time-dependent gate and bias voltagesvitchescoherentlyfrom the excited state to the ground state
and tunnel barrier8? In all these works a tunneling- each time an electron is pumped through the dots. Alterna-
Hamiltonian approach was used to incorporate the effects dfvely, this process can be seen as coherent transport through
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FIG. 1. Double-dot electron pump. The asymmetric gate volt-
ages allow one to induce a photocurrent at zero bias. One can excite
an electron from the highest level filled in the left dot to the first FIG. 2. Stability diagram of the double-dot system near the re-
empty level of the right dot with an ac field that is resonant with thisgion where the stat,0) is stable, withN; andN, electrons in dot
transition, but not with the corresponding transition in the opposite; gnq 2, respectively. Along the horizontal and vertical axis the

direction. sequential tunneling barriek, and A}, respectively, are varied
) ) _independently.

a double-quantum-dot qubit. The second main result of this

paper is that we predict the effect of slow modulation of the N; 1

irradiation amplitude on the pumping current. The time scale g . 2:'2 et EUnNi(Ni—lHulleNz-

of the amplitude modulation is assumed to be much larger i=120=1 i=12

than the one set by the frequency of the unmodulated signal. (1)

The paper is organized as follows: in Sec. Il we introduceIn the first terme.. is thelth effecti inal il
the system. In Sec. Ill we develop the density matrix ap-, kbl '.St e t effective single particle energy,
proach to describe the system only on a time scale muchzl’ .-+ Njin doti=1,2:
larger than the period of the applied irradiation. This devel- 1
opment is similar to that in quqntum optics for resonance e1(Ve. Ve ):SSJF_U“_QE (ig Ve +ai V).
fluorescence, e.g., Ref. 11, and is central to our treatment of o 2 j=1,2 i I
the problems. We apply this approach to the transport
through the double dot in the sequential and the co-tunneling his incorporates the bare single particle enexfly a con-
regime. In Sec. IV we consider the case where the amplitudgeniently chosen offseti;;/2 and the linear shift with the
of the applied radiation is modulated on the large time scale¢lectrode voltages. The coefficients of the voltageg,

Finally, a summary and conclusions are presented in Sec. \&Cﬁlce_, aiL,=Ci}ch_ depend on the dot-electrode ca-
J ] ]

pacitances and the inverse capacitance matrix elements
Il. DOUBLE-DOT ELECTRON PUMP

co1- (ciCo)/c C12

The system we consider consists of two coherently Cil=clo—"2¢
coupled quantum dots 1 and 2 connected by tunnel barriers ! clcz—cfz' © 2 clcz—ciz'
to large reservoird andR, as depicted in Fig. 1. The leads
are assumed to have a continuous electronic energy spe@here ci=cg +c__ +Cy, is the total capacitance of dat
trum. The fixed difference between the electrochemical po=1,2. By appropriately changing the gate voltages the effec-
tentials of the IeadsugL=,u—eVL1 and MR=pH—eV, (e tive single particle levels in dot 1 and 2 can be independently

>0) and the temperature are the smallest two energy scal&$ifted with respect to each other. In the second and third

of the problem. We can thus take them to be zero. Eackerm in Eq.(1), u; =e?C;* is theintradot charging energy

quantum dof = 1,2, contains some numbbi electrons and of doti=1,2 anduy,= eZC[21< Uq11,Uqs theinterdotcharging

is assumed to be in the ground state. We will concentrate oanergy.

transitions between the ground states of the individual dots Let us now consider the stability of a ground state of the

with different numbers of electrons. double dot with respect to the tunneling between the indi-
Disregarding all tunneling for the moment, let us considervidual dots and the leads. Assume that the gate voltages

the energy of the double dot within the standard CoulombVs ,Vg, are such that in the stable state of the double dot

blockade model. The capacitive coupling between dot there areN; andN, electrons in, respectively, dot 1 and 2
=1,2 and the attached electrodes is taken into account by thghd denote this state §9,0). The stability diagram of the
gate capacitanceg, and the lead capacitancg,. The mu-  double dot near the region were this state is stable is
tual capacitive coupling between the dots is described by theketched in Fig. 2 for the typical case where interdot charg-
interdot capacitance;,. The total energy of the double-dot ing is important:u;,<u;;,U»,. The region of stability for
system, when dot 1 and dot 2 are respectively inNheand  state|0,0) has a hexagonal shape. The stable states,)

N, electron ground state, reatkee, e.g., Ref.)9 in the six neighboring regions haig, +n; andN,+n, elec-
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trons in dot 1 and 2, respectively, wherg#n,=0,+1 and Now consider the coherent tunneling of electrons between
[n;+n,|<1. The energies of these statég, »,,ni=0,1, are the dot 1 and 2. If the co-tunneling barriers are larger than

found from the right-hand-side dfl) by replacingN;,—N;  the matrix element T for this processg,z>T, then the
+n;. The hexagonal region is bounded by six stability con-polarization of the double dot by coherent tunneling of an

straints for stat¢0,0). The first four constraints follow from €lectron between the dots is also suppressed. Under these
the requirement that the energy barrier for |nject|o}n) (Or conditions the dc transport through the double dot is blocked

emission e) of an electron to or from either |ead’ at low bias Voltage, i.e., we have the Coulomb blockade.
This situation is changed, however, if we apply electro-
Al = Eyo—pu—Ego= e1n,+1t UggN;+upN,— magnetic radiation to the system. Assume that a time-

dependent oscillating signal is present on the gate electrodes
which will shift the energies of single levels without altering
the wave functions too much, so that the time-dependent
energy difference between sta{€s0) and|—1,1) becomes

+
Agr=Eo1=u—Ego=&an,+11 UNa+UiNg — e,

Ar=Eg-1+tu—Ege=p—(ean, T Uza(N2— 1) +UsNy),
e(t)=gp+Vcoswt, (4)

A =E_jotpu—Eoe=p—(e1n, T Una(N1—1) +usNy), whereV is the amplitude ana the frequency of the exter-
(20 nally applied signal. When the frequency of this applied ra-

. - : diation matches the time-independent energy differefce

Sh+OU|d b_e positive. Sufficiently far away from .the four. lines between statel®,0) and|—1,1) irt)is possible fc?ryan elegﬁgn

A g=0le. ALvR>FL'R the_sequentlal t_unnellng of single from the left dot to tunnel to the right one by absorbing one

electrons through'the junctions conngctmg a dot and. lead i nergy quantunm~ &, from the field. In principle, this elec-

siugpress,ﬁd, |sz' F;?' 2. Her_e ttf;]e té/plce}: turfm(il {at€ﬂ§§h tron can now leave the system by tunneling to the right lead,

I_ft m)'aR. '-h'? e V(\; erev'-’Rt.'S | € nens! ytﬁ sta ?S ml € resulting in the staté—1,0). An electron from the left lead

eft and right lead, respectively, arig x is the matrix ele- Ean then tunnel to the left dot, thus restoring the ground state.

ment between the states in the lead and in the dot, Wh'.c ffectively, an electron has now been transferred from the
depends only weakly on the energy. Two of the sequentig

turlmellng bsrnerf]Z) can be mde;?en%ently Luned by trf,g""tecoherently tunnel back by emitting an energy quantum re-
voltages, the other two are related to these By +AL sulting in state|0,0). This transport cycle|0,0)«|—1,1)
=Up+ 6y and Ag+Ag =ugpt 5, where i=ein+1-ein,  —|—1,0—(0,0), is not the only one. Another possible se-
=8?Ni+1—s?,\,i is the spacing between the two “active” quence, in which the system passes the intermediate state
single particle levels in ddt=1,2. It will be convenient from  [0.1), is given by|0,0)<|-1,1)—[0,1)—[0,0). The three
here on to consider @A, <u;;+8; and 0<Ai<u,+5, Other states can be disregarded under the following condi-
as independent variables instead of the two gate voltages; ¢fons- First, the field should not be resonant with the transi-
Fig. 2. Two additional stability constraints follow from the tion to the other excited statd,—1): [eo—w[<|eg—w|.
requirement that the energy barriers for polarizing the doubld his is the case when the distance between the two excited

eft electrode to the right one. Alternatively, the electron can

dot with respect to statg,0), levels is much larger than the detuning of the frequency,
leg— eol>|Sw|=|eg— w|, which, in the stability diagram,
go=E_11— Eo,o:AL_+A$—U12, (3a) corresponds tcf. Egs.(3a), (3b)]
£0=E1-17Eoo= Al T AR~ Uy, (30) 200 +AR)~ 2 (uit+8)|>|dwl. (5)
i=1,2

should be positive. Herd” ,A; are the positive Coulomb ]
energies we must pay to change the number of electrons grecond, the stated,0),/0,—1) should not be resonant with

each dot from the stable configuratifh0), and—u,, is the ~ INtermediate states of the transport cyfel) and|-1,0),
energy we gain by creating an attracting electron-hole paifésPectively,|E; o—Eq [>T and [Eq_1—E_;>T corre-
with respect to the stable staf®,0). Note that the former SPonding to
energies also depend on,, i.e., they incorporate the inter-

action between the extra electron or hole and the electrons in

both dots. Sufficiently far from the linesy=0 ande(=0 _
(cf. Fig. 2, the polarization of the double dot by a cooherent |Uzot 82— (AL +AR)[>T. (6b)

co-tunneling process is suppresseg;,eq>I'c; where ', Thus under these conditions an electron can be excited from
<I'| g is some typical rate for this process. In such a secondthe left dot into the right one, but the probability of exciting
order process an electron is injected into one dot and anoth@h electron from the right dot to the left dot can be disre-
electron is emitted from the other dot, effectively transport-garded.

ing one charge across the double dot. From the relatipn ~ The details of the transport mechanism of a pumping
+e4=2i_1Ujj — Ut 6)>0 we find thateg,e,>0 corre-  cycle depend on the energies of the intermediate states
sponds tou ;<A +Ag<Z;_; (U; —Up+ &) +Up, in the  |—1,00 and |0,1) relative to the pumped state-1,1) as
stability diagram. shown in Fig. 3 which are controlled by the gate voltages.

lup+ 81— (AL +AR)[>T, (6a)
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rt, i, r° andI'%, respectively. The following rate
equations describe the density matrix in the sequential tun-

-1,1> |-1,1>_// neling regime:
Fl / /
- // // _ 1'*0 1-*0
01>/ “he o €0/ dp-10-10= 1 rp-11-1171LP-10-10 (99
FRI\: \\\ _/L/ . 0 1
0.0~ 00> 9tpoo,0= —1T(p-1100~Poo-10) T I'Lp—10-10T 'RP01,01:

a) b)

(9b)
FIG. 3. Energy diagrams of the double dot electron pump to-
gether with the leads(a) sequential tunneling regimegp) co- p-11-11=TiT(p_1100 pooy,ll)—(l“?ﬁ- Ft)Pfll,fu,
tunneling regime. The Coulomb interaction between the extra posi-

tive charge on the left dot and negative charge on the right dot (90
determines the position of level_, ; relative toE_; g andEy ;. 1 1
dwpo1,0= T 'Lp-11-11— T'rP01,01, (9d)
The energy barrier for injecting an electron from the left lead
into dot 1 and for emitting an electron from the dot 2 dot to dp 110~ —1T(poooo—P-11-10) —1&()p_11.00
the right lead, 1o
—3(T{+TR)P-1100 (9¢)

Al =Eoi—p—E 11=Up—A[, (73 . .
Here, and throughout this paper, units are used such#that
(7b) =1. The diagonal elements give the probabilities for an elec-
tron to be in the corresponding states and probability is con-
can be positive or negative, depending on the position in theerved, i.e., at any time
stable region 0f0,0). Hereu,, is the energy we must pay to
break up the attracting electron-hole pair with respect to state P—10-10t Poo oot P—11-11F Poror= 1. (10)
|0,00 and —A[ ,— A} is the Coulomb energy we gain by
changing the number of electrons on one of the dots to th&@he nondiagonal elemenis_; o= pgo - 11 describe the co-
value of the stable configuratid,0). In this paper we con- herence between statps 1,1) and|0,0). In general the tun-
sider two regimes of operation of the double dot electromel ratesI'"* and'3* depend on the energy difference be-
pump, which are schematically depicted in Fig.(B:both  yyeen the states of the transition. We can t&ek=T" q
barriers are negativeA” ,Ag<—TI'|,—Tr: the pumped =2mv, glt, g|?> when the density of states_g in the left
level can decay through sequential tunneling proceg#igs; and right lead, respectively, and the matrix element be-
both barriers are positiveﬁ[ ,Z§>FL,FRZ the excited tween the states in the lead and in the dots depend only
state is stable with respect to sequential tunneling but caweakly on the energy. The average current through the sys-
decay through an inelastic co-tunneling process. We do ndeém is given by

consider the more complicated intermediate dasg|,|Ax|

AR=E_jotu—E_j;=up—Ag,

=<I'| ,I'r where resonant processes between leads and dots |/e:F%P—11,—11+ F%zpm,or (1)
are important. In the stability diagram in Fig. 2 the two re-
gimes correspond to In regime(ll) (A" ,A;>0) the interdot attraction of the

electron-hole pair is dominant over tlide)charging of the
individual dots. The decay of the excited state
| —1,1) via sequential tunneling is blocked as shown in Fig.
QU< A"+ AL < Ui —Ujot 5, 8 3(b). However, transport is still possible via inelastic co-
1oL TR i2212( i~ thzt ) @3 tunneling of electron&'® When the system is in state
| —1,1), two electrons can tunnel simultaneously through dif-

() [AL—ARI<(AL+AR) —2uyy,

() JAL—AZ|<2u,— (AL +AR), ferent barriers, one going from the left lead to the left dot,
and one from the right dot to the right lead. Because in this
Up<A| +Ag<2uy,, (8b)  transport process a state is virtually occupied these two tun-

neling events cannot be treated independently. The necessary

where < stands for “separated by energy large comparedenergy is provided by relaxing the system to the ground state
with I' r.” The narrow strips defined by conditiortS) and |0,0), thereby releasing an ener@~s,. The co-tunneling
(6) should be excluded from these regions. rate can be calculated with Fermi’s golden rule. The relevant

In regime(l) (A" ,Ag <0) the charging of the individual matrix element is a sum of matrix elements for the two pos-
dots dominates the transport. The system relaxes to th&ble coherent processes which transfer one electron from
ground state via the two sequenti@nd thus incoherent to R. The co-tunnel rate is obtained by integrating the partial
tunneling processes described above. As shown in F&y, 3 rates for transitions over the different final states of the leads
the four tunneling processes are described by the rateshich are assumed to be uncorrelated:
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% o ten expressions for the particle current only. The displace-
FthZWVLVRJ_ dSLJ_ derf(e)[1-f(eRr)] ment current can be disregarded here since it does not con-
tribute to the dc current.
2
We | e |
Zf —EL ZF; + SR‘

S(soteL—er). lIl. TIME SCALE SEPARATION

In this section we consider the dynamics of the two co-

Here the matrix elements  for tunneling through the left herently coupled levelga)=[0,0),/b)=|-1,1) on time
and right barrier and the densities of staigsz in the left scales much larger than the period of the applied irradiation
and right electrode are assumed to be energy independeﬁh=2w/w. The details of the other states in each regime are

The zero-temperature co-tunnel rate in our electron pump i8Nly important for the incoherent processes that depend

weakly on the time-dependent energy difference between ba-
sis statega) and|b):
I I'g

ct— 2

€p €p
(Al +e)A[ +Z;(Z§+so) e(t)=gq+ V(t)cog wt). (15)

Here we also allow the amplitud&(t) to be modulated on a

IN(1+eo/A)+In(1+eg/Ag . S . :
+2n( eo/AL) FIn(1+eo/AR) (129  timescale which is large relative tg. The time scale sepa-

Af+Ag+e ration for both regimes can be done in the same way. The
coherent part of the dynamics of the state of the system de-
I g 1 2 pends only on the time-dependé{t) =Hq(t) + Ht where
=< el x5+ 5= +0(e}). (12b)
L AR Ho(t) = e(t)(|a)(al—|b)(b|) (16)

Note that fromeo=uy,— (A, +AR) [cf. Egs.(3a) and(7)]  introduces the energy difference between double-dot states
we observe that within regimgll) we can havee,  with zero extra electrons and; describes the tunnel cou-

~A[ Ay . The energy denominators in Ed.2a reflect the ~ Pling between the dots:
fact that the tunneling occurs via the virtual occupation of
two states. In contras? to the incoherent sequentialptunneling Hr=T(|a)(b]+[b)al). 17

mechanism, the only relevant density matrix elements argve assume that the tunneling amplitude is much smaller
those between statgd,0) and |—1,1) since state3—1,00  than the time-independent energy differefices,, whereas

and [0,1) are occupied only virtually. Taking the co- V(t) can be of arbitrary magnitude. The tunneling to and
tunneling processes into account we obtain the equations éfom the reservoirs brings the system into a mixed state

motion for the density matrix elements: which can only be described by a density operatawhich

. obeys the Neumann-Liouville equation with dissipative
9tP00,00= ~iT(p-1100~Poo-10) T Tep-11-11, (138 terms added to the right-hand sitfe">

dp-11-11= +iT(p-1100~ Poo-10) ~L'etp—11- 11,(13b) dp=—i[H,p]+ Lincp- (18
Since the incoherent part in Eq®) and (13) is invariant

under a phase transformation of the nondiagonal elements,

dp-11,00= ~1T(poooo— P-11-11) ~i&(t)p-1100 . : .
‘ we can derive from Eq18) a set of equations that describes

— 3l apoo- 11, (130  the dynamics on large timescales by first performing a stan-
. o . dardtime-dependertiasis transformatidron the density ma-
wherep 11 06= poo- 11 @nd the probability is conserved: trix. A rapidly varying time-dependent phase factor is ab-

Pooogt P -1 sorbed in the nondiagonal elementsﬁof
00,00 -11-11" +-

— el
The current is pan=pape” 1, (19
and the diagonal elements are left unchanged. In this new
|(V/e=Tep-11-12(1). 19 pasis the generalized Liouville equation fotakes the same

. . L . orm as Eq.(18) with the same incoherent part and a ne
In both regimes the irradiation relaxes the constraint off a.(18) wi ! P W

. : ; ; Hamiltonian H ' (t) = H ,+H +(t) with a renormalized en-
energy conservation during tunneling by allowing an elec-er difference and a time-dependent tunnel amplitude
tron to absorb or emit a multiple of the energy quantwm 9y P P

This gives rise to an enhancement of the zero-bias dc com- H =1 (s(t)=ad(D))(laWa'l— b b’ 20
ponent of the current and additionally it introduces fast os- 0=z (2= ag)(a’) @’ =|p’Xb’D, (20
cillations with small amplitude which do not interest us. In HAt)=Te O(|a’\(b'|+|b’}a']). 21)

the next section we show how to extract the slowly varying
component of the density matrix from the exact equati®s We choose the phase to lgt) =nwt+ (V(t)/w)sin(wt) to
and(13), respectively. We point out that above we have writ-obtain time-independent diagonal elements
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e(t) —dd(t)=go—Nw, (22) A. Sequential tunneling regime

Equations(9) describe the dynamics of the double dot in

which vanish at the-photon resonanaew =g, in which we  he sequential tunneling regime on the long time scale when
are interested. Furthermore, on small time scales the new

tunnel matrix element is a periodic function of time and can''¢. "ePlacee () =0~ ©,T—T=~3,(V(1)/)T. The solu-
) S & per . tion of these equations tends to a stationary value, which is
be expanded in a Fourier series:

independent of the initial conditions, on typical time scale

+oo max(I'?) ~1,(I'%YH 1}, The solution ofdp(t)=0 gives a
ML)~ E ei(mEmotyyr (1), (23) Lorentzian line shape of the current peak as a function of
m=—x m go—w,

V(t) l/e=1na*I[W?+ (80— w)?], (29
HTm(t)ZJm( w )T(|a ACHRILRICR (24) where the maximum curreht,,,and half width at half maxi-
mumw are given by

Likewise we expand the density operator into rapidly oscil-

lating contributions with amplitudes that vary on large time rg ri ro+Tx
scales: I max/€=1 2t ot | t—= (-
i +I'g r; Iy 4T
- (29
Tty — ~r(r) ir ot
p'(0=2 p' (e (25 TN T
W= 2+ _0+_l 2 T (30)
1_‘L FR

Inserting this into the generalized Liouville equation fer
we obtain an infinite set of coupled equations for the slowly| et us assume that the tunnel rates for each barrier are the
varying coefficientsp’ ). The amplitude of the fast oscilla- sameT'?{=T"_ . If the double dot is weakly coupled to the
tions p*) is of orderT/w~T/eq<1 and can be disregarded: leads i.e.l' g<T<go~w then one can access the regime

the dc componenp(¥)(t) satisfies I'L'R,|80—w|<? by adjusting the irradiation amplitude to
V~1.84w, where the coherent state in the double dot domi-
at;)'(O): —i[H6+H'T,n';>'(O)]+Cincf3'(o)- (26) nates the transport properties. The two delocalized states in

the double dot are independent channels for transport and the

Thus the nearly isolated statgs), |b) irradiated at a reso- current increases withy g

nant frequencyo~ ey /n are equivalent to almost degenerate 1 .
statega’), |b’) coupled by a tunneling matrix element | max/€= 1/ F_+F_)’ w=2T. (31
L R
— V(t V(t i i —wl<T< i -
T(t)=J._, (t) T=(—1)", (t) T, 27) In the opposite regimgso— w|<T<T'| r, which can be ac
) ® cessed by tuniny<1.84w, the decoherence due to tunnel-

ing to and from the reservoir dominates the transport. In this
WhiCh only vgries on large time scales. In the_ following we cgse the height of the current peak is proportiona'l'_zccand
will only consider the one-photon resonance, iesso and  gecreasesith enhanced tunnelingj, g:
we omit the superscripts used above to distinguish the slowly ’
varying components fromp itself. However, the equations |max/e:4?2/(rL+rR), w=( +Tr)/2. (32
can be generalized to the-photon case by replacing o
J1(Vlw)—J,(Vlw) andey— w—ep—Nw. Due to the oscil- The current peak, /€ reaches a maximuni/2 as a func-
latory behavior of the Bessel functiah the coherent tun- tjon of | Whean:rRzzf This can be understood as
neling amplitude can be tuned betwees=0=<0.58T by the precise matching of tunneling times: the time for half a
varying the amplitude/frequency ratio of the irradiation overRabi oscillation in the double dot is exactly equal to the time
a range B<V=1.84w. The vanishing of the effective tunnel for filling the left dot and for emptying the right dot. In Fig.
matrix elementT=0 for nonzerov/w is one of the features 4(@ we have plotted the maximum current and the width as
which distinguishes photon-assisted tunneling from adiabatig function of the tunnel rate relative to the tunnel coupling
electron transfer. A similar renormalization of the tunnel T- If the double dot is strongly coupled to the leads Te.
coupling to zero is also known from driven double-well <I'| r<eo~w only the regimeT,|sq— w|<I'|_ R is acces-
potentialst® sible.

The approach developed above allows us the extract the We point out that in the sequential tunneling regime the
slowly varying components of the current in both regimes oftransport on “large” time scales is equivalent to transport of
operation of the electron pump. We point out that we have'free” electrons (i.e., negligible interdot repulsiorthrough
only changed the coherent part of the dynamics which is the double dot with renormalized static parametegs-eq
same in both regimes. — o, T=J33(VIo)T, ' g.* Also, the results here are simi-
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FIG. 4. Lorentzian current peak heigtitold solid line and width(dashed lingas a function ofa) I'/T (I'=I, =T'g) in the sequential

tunneling regime and ab) I',/T in the cotunneling regime. For fixélthe maximal co-tunneling current as a functiorlgf is larger than
the maximal sequential tunneling current as a functiom’ of

lar to the analytical results obtained for the noninteractingn the opposite Casévct>-|- the peak height is small but
case in Ref. 6, where only sequential tunneling occurs. i, aases rapidly witr whereas now the width is constant:

B. Co-tunneling regime |maX/e:4?2/FC“ w= %Fct-

In the co-tunneling regime two well- separated time scales
are involved, namely the “long” timé.=I';;* between two  The current peaky,,,/e reaches a maximufi/ 2 as a func-
co-tunneling processes and the “short” t|me of the procesgion of I' ; whenI' = 22T.In Fig. 4b) the scaled pumping

itself tyix=&, * during which the energy is uncertain by an current is plotted for different values df,/T. In the co-
amounte,. Near resonance the applied frequency matchesunneling regime electrons are transferred through strongly
the detuning of the levels s~2m/w=t,. The density correlated transport channels. Therefore the condition for the
matrix approach developed above describes the system g@naximum current cannot be understood as a the precise
the “large” time scalet,. Equations(13) describe the dy- matching of tunneling times as in the sequential tunneling
namics of the double dot in the sequential tunneling regimeegime (factor \2). Equationg13) coincide with those that
on the long time scale when we replae¢t) ~eo—w,T  describe the transport of electrons that are correlated by
—T=—-1J,(V(t)/w)T. The stationary solution of these equa- strong Coulomb repulsion through a double dot at high volt-
tions gives a Lorentzian current iy,— w with heightl,,,  age bias, with renormalized static parametegs-ey— o,
and half-widthw: T—J1(V/w)T, I —TI'g in the limit where the tunneling into
the left dot is so fastl’, >T'g, T, that the current no longer
2 Iy depends on if.In this system the correlation of the conduc-
I max/€=1 F_+:2 , (33 tion channels prevents more than one channel from being
o 4T occupied and reduces the effective tunnel rate by a factor of
2 in Eq.(33).} This blockade can be obtained formally from

=\2T%+ I'2/4. (34)  the density matrix equation®) of the “free” electrons by
o taking '} g—0 andI'’>Tp=T
For weak coupling to the reservoirs,<T the peak height is Comparing the co-tunneling and sequential tunneling re-
constant and the width increases linearly with the coherengime the main difference is that for fixdd|  the co-tunnel
couplingT: rate «I" I'g is much smallerI’ <I'  g. ForI' g~T the
sequential tunneling current can be near its maximal value
lmad€= T, W=+2T. ~2T, whereas the co-tunneling current will bel <T.
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However, forFL'R>? the sequential tunneling current is

much smaller tharT and it is possible to adjudte~T so
that the co-tunneling current takes its maximal value —f 3%

~2\/§?which is much larger. Thus for fixetl the maximal oso b V=5

co-tunneling current is larger by a factg® than the maxi- .

mal sequential tunneling curreffig. 4). The width of the 025 |

co-tunnel peak is also smaller than in the sequential tunnel- s

ing regime. 0.20 |-  vero
015 |

IV. MODULATED IRRADIATION OF A DOUBLE DOT % veso

In this section we consider the sequential tunneling re-  %1°F
gime already discussed in Sec. Il A and apply our approach M)
for large time scales to the cases of pulsed and slow sinu
soidal modulation of the irradiation amplitude.

0.05 -

0.00 N ) N I N I . I N I
0 1 2 3 4 5

) L. Tp (units 2m/Qp)
A. Response to irradiation pulses

can be manipulated. Assuming the double dot to be in thé&ent averaged over a series of identical pulses, in units of number of
ground state electrons transferred per pulse, as a function of the pulse length for

go=w=30, T=1, '=0.1 and several irradiation amplitud&s

_ . - o - . Inset: time-dependent current during one pulse.

£00,00= 1.p—10-10= Po1,0= P— 11~ 11= P~ 11,00~ Poo,~ 11= 0
35 N _
(35) The oscillations are most clearly resolvable fey<T’ !

(Fig. 5. The period of the coherent oscillation at resonance
w=c¢q, 27 Qg=7I[J1(Vo/w)T], can be tuned by varying
the irradiation powel,.

at t=0 we solve Egs.(9) with &(t)—eg—w,T—T
=—J,(V(1)/ )T for the time evolution under the influence
of the irradiation for the casE) k=T

B. Sinusoidal amplitude modulation
1—-e It

I(t)=I cos{QRt)JrQLsin(QRt)) ., (36)
R

Now consider the case where the amplitude of the irradia-
tion is slowly sinusoidally modulated with small modulation
where Qr= \/(so—w)2+4?2 is the Rabi frequency. Far  amplitudeV<V:
>I""1 the solution tends to the stationary curré@®) de-
rived before: V(t)=Vo+V cog Ot). (40)

102 T The case where the modulation amplitude is of the order of
lle=1 R (37) or larger than the irradiation amplitude is physically not very
I'212 2712 interesting because the system then exhibits trivial Fourier

o , peaks atw, v+ andw— ) as a function ofe, in the dc
When the |rrad|at'|o”n IS §V}’Ef9@%d off at=7p, the culrrent current. To find an analytical solution, we rewrite E¢@)
decays expc_menﬂa y ae. P to zero, as can also be With &(t)—eg— o, T—T= —J,(V(t)/ )T in matrix nota-
seen by solving the equations for the caseT=0. One can  {jgn:
resolve the Rabi oscillations in the dc current by considering

the current averaged over a series of identical piffsgith o
delay 74, as a function of the pulse length, (see inset of E:(f+’r),}+6, (42)
Fig. 5:

>

1 T 74 where I;:(P—10,—10P00,00aP—11,—11aP01,01:P—11,oc)Ta c
Lo 7p) = _(f |(t)dt+|(7'p)f eF(tTp)dt)_ (38) =(I‘1,0,0,0,0Y and expand the Bessel functidp(V(t)/ o)
Td\Jo ™ in a Taylor series to second orderVh If we now consider
Here 74— 7,>T ! to ensure that the system is prepared inthe Fourier coefficientp, of p(t) and T, of J,(V(t)/w)T,
the ground statg35) at the beginning of the pulse. In the We find the following equations for the dc component and
physically interesting case of weak coupling to the leRds first harmonic, if we disregard higher harmonics,
<()g we obtain R L . . R
0=(I'+ToTpot T1T(ps1tp-1)tC, (42
1-e ""pcogQgmp)
r

ot (39

lad 7o) =1 — po1=—To(L+TTFiQN) Tp,, (43)
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should therefore be experimentally observable. Notice that at

g0= w,Q)=2T the width diverges; however, the current peak
at this point vanishes since the exact matchipg o gives a
resonance to which the modulation cannot add extra current.

Thus by applying a high frequenay we reduce the en-
ergy spacing by a large amougf— ¢y,— w, and modify the
tunneling matrix element with an intensityt dependent
factor,T—T. The lower frequency) allows one to precisely
match the remaining small energy differengg- o without
significantly altering the tunneling matrix eleméntthereby
inducing a photocurrent.

V. CONCLUSIONS

We have considered an electron pump consisting of an
double quantum dot subject to irradiation. An incoherent and

FIG. 6. Electron pump with harmonically amplitude-modulated a new coherent pumping mechanism were discussed. We
irradiation. Current as a function of the renormalized level detuninghave derived equations of motion for the density matrix ele-

(resonance mismatch of basis frequenagd the frequency of the
amplitude modulation fof =1, ' g=0.2, V=30, V=10.

from which we can solve for the dc componeﬁa If we
furthermore assume thH€1k=F<T, the solution shows ad-

ditional side peaks in the photoresponse of the system, whic
are in good approximation Lorentzians along the hyperbol&

go— w=V02—4T? ie., Q=g as plotted in Fig. 6. The
height of these peaks is

V2
. (a,2_4)2-|- 2_2

I max

(44)

e 2 v2\’
a? a2F2+(a2

—HT?2—

) =
with a=Q/T,T'=J}(Vo/w)T, and the half-width at half
maximum is

(49)

ments of the double-dot system that are time-averaged over
an interval which is long compared to the period of the ap-
plied signal. From these equations we calculated the pump-
ing current in both regimes. In both cases the current peak is
a Lorentzian. Surprisingly, for fixed effective tunnel cou-
Rling the maximal pumping current in the co-tunneling re-
ime is larger by a factox/2 compared to the value in the
sequential tunneling regime, where the maximum occurs at a
different value of the tunnel rates for each regime. Experi-
mental realization of this device would allow for a system-
atic study of coherent transport through a solid-state qubit.
Moreover, modulation of the irradiation amplitude exhibits
interesting phenomena: a train of short pulses should resolve
the Rabi frequency in the time-averaged current as a function
of the pulse length, and sinusoidal amplitude modulation
should provide a tool to resolve the Rabi splitting.
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