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Resonant Photon-Assisted Tunneling through a Double Quantum Dot:
An Electron Pump from Spatial Rabi Oscillations
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The time average of the fully nonlinear current through a double quantum dot, subject to an arbitrary
combination of ac and dc voltages, is calculated exactly using the Keldysh nonequilibrium Green
function technique. When driven on resonance, the system functions as an efficient electron pump due
to Rabi oscillation between the dots. The pumping current is maximum when the coupling to the leads
equals the Rabi frequency.

PACS numbers: 73.50.Pz, 73.20.Dx, 73.20.Jc, 73.40.Gk

The spatial coherence of the electronic states in mesaf the dot contribute only to a homogeneous background.
scopic systems is fundamental to understanding their dienportantly, these results for the double-dot system also
transport properties [1]. Recently, it has become posapply to transport through a double quantum well with
sible to experimentally investigate coherent effects imegligible interface scattering.
time-dependent transport through mesoscopic systems [2], The Hamiltonian of the double-dot system can be
opening the possibility to study qualitatively new effectsexpressed a8 (1) = H,(t) + H,, where

which depend in a crucial way on the spatiotemporal 2

coherence of the electronic states of a time-dependent sys- H,(t) = Z ei(t)djd,- + w(d;rdl + H.c)

tem [3]. While the phenomena of Ref. [2] found a natu- i=1

ral explanation within linear response theory [4], many + Ulzdfdld;rdz, 1)

time-dependent phenomena, such as electron pumps [5],
photon-assisted tunneling [6—12], and lasers [13], necesy _ Z GkgCT i Z (Vkec* d, + H.c)
sitate a nonlinear analysis. S M =, . o
In this Letter, we present a fully nonlinear treatment S k’ee{R’,i=2 2
of a novel electron pump based on a spatiotemporal “Yere,d; creates an electron in thigh quantum dot and
herence effect: Rabi oscillation between states of a dou- =" ™ . .
ble quantum dot. The double dot system [9] is modeledk¢ Créates an electron of momentuknin reservoir¢.
as two spatially separated nondegenerate electronic or:?' SIMPlicity, spin is neglected and the external time
bitals, each connected via a tunnel barrier to an electrof€Pendence is applied only to the dots [18](1) =
reservoir (Fig. 1). If the tunneling matrix elementbe- (_1.)1 (Ae + VCOS‘."t)/z' _On_each d.Ot Just one level is
tween the orbitals is small compared to their energy gifactive, so the static, on-site interactions can bg absorbed
ferenceAe = €, — €, the electrons are highly localized MO A€ [16]. In contrast, the interdot interactiobly,
on one orbital or the other, inhibiting transport. However, Which is proportional to the interdot capacitance, cannot
if the system is driven at a frequency (or subharmonic’€ @bsorbed into the single-particle energies.
corresponding to the energy differentie? + 4w?)!/? Befo_re_dlscussmg transport in a system connected to
between the time-independent eigenstates, the electrolf@ds: it is useful first to consider the eigenstates of the
become completely delocalized due to spatial Rabi oscil¢/0Sed system of two quantum dots coupled capacitively
lations. If, as shown in Fig. 1, the reservoirs are biased® @n ac voltage source, as described by Eg. (1). The

in such a way that one reservoir can donate electrons fg€vant eigenstates of a system such as (1), for which

the low-energy orbitalu; > €;) and the other can accept
electrons from the high-energy orbitaly < €;), the sys- —|
tem will then pump electrons uphill from, to wg.

We employ the Keldysh nonequilibrium Green func-
tion technique [14] to calculate the time-averaged current
in response to an arbitrary combination of ac and dc driv-

Hr

ing voltages, including finite coupling to the leads. The | -

. . . _ |/_/“, '\I ;
pumping current is found to be a maximum when the cou {"UH  vin = Veos mt
pling to the leads is equal to the Rabi frequency. Further- YA

more, resonant features in the current are broadened yG. 1. Schematic diagram of the double-quantum-dot elec-
the coupling to the leads, implying that additional levelstron pump.
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H(t+2w/w)=H() is a periodic function of time,
are the eigenstates of the one-period evolution operator

2r —
Ut + 27/ w,1) = T{exd —(i/k) [T ar' H(t")]}. For
the double-dot system, these states have the form [17]
v (1) = exp(—iE;1/ Mg (1), (3) b 1
WhereE is the jth quasienergy, anqb(’)(t + 27m/w) = 0

go, (t) is a Floguet function whose componerits= 1,2
give the time-dependent amplitudes on the two quantum :

dots. The eigenvalue problem defined by Egs. (1) and 0 1 2

(3) must in general be solved numerically [18] because €/

[H(t),H(t")] # 0. However, in the experimentally inter-

esting case of strongly localized dc eigenstatesg Ae, gg%nzir'] gifaﬁe?:i?'en‘?rg@i tOfvm’r? ‘(;O”F]’;Zd_quv':tura (g[gts vs
Egs. (1) and (3) can be solved analytically by expandihat the quasienergies are defined fiad). The electronic
ing U(z,¢') to linear order inw: At the N-photon res- states on the dots hybridize and split by2wJy(V/hiw),
onance Nfiw = VAe2 + 4w?2 = Ae, one finds for the becoming delocalized, whes} crosses thévth sideband of;.
gquasienergies

E,/hw

[

E: = A€/2 = wiy(V/hw), (4) w and the sideband amplitude, leading to the energy split-

. . ting in (4). An electron placed on one of the dots at res-
where Jy IS the Bessel function of ordeN. For a onance will therefore oscillate back and forth between the
small detuningdw away from theN—phot(()D) resonance, o ic atthe Rabi frequen@Yz /i = 2(w /i)y (V /o). It

the occupancy of dot 1 in stat- is |1 '|> =[1 +  should be emphasized that although the quasienergy states

(x ¥ Va2 + 1)’]7!, where x = hwsinmNéw/w)/  are delocalized on resonance, their energy spectrum re-
2awiy(V/ho). The quasienergy e|genstates are thusnains spatially asymmetric, centered near= 0 on dot 1
completely delocalized on resonar(¢$1 2 |2 1/2). and neak, = Ae on dot 2; the delocalized states must be

Qualitatively, the behavior near resonancefork Ae  thought of as coherent superpositions of states of the cou-
can be understood in terms of the hybridization of the elecpled electron-photon system.
tronic orbital on one dot with th&'th sideband of the elec-  The coupling of the double-dot system to the reser-
tronic orbital on the other dot (Fig. 2). For example, inthevoirs is characterized by the parameteFé/®(e) =
voltage frame in whiche; = A€ is independent of time, 27 ZMEL/R |Vie|>6(e — ex¢). In order to obtain an
the energy spectrum of the first dot in the absence of tunneknalytic solution for the nonequilibrium time-dependent
ing has peaks & = N#hw with amplitudes/y(V/hw),as transport, we first consider the case whéfg =0 and
discussed in Refs. [6,14]. When the energy of one of thesE’(e) = I'*(e) =T is independent of energy. The ex-
sidebands coincides with,, interdot tunneling will hy- pectation value of the particle current [19] through the
bridize the two orbitals into two delocalized combinations.left barrier can then be expressed using the formalism of
The effective coupling between orbitals is the product|ofRef. [14] as

—2el’

t
J(r) = f dr’ ] j—; Im{e " I[G(t.1) + fLle)GT (£, )]}, (5)
whereG (t,1') = i(c (te; (1)) and G (¢, t') = —i0(t — 1) ({c,/(t’) ¢;(1)}) are Green functions describing propagation
within the double-dot system in the presence of coupling to the leads. The retarded Green funct|on can be expressed
simply in terms of the quasienergy eigenstate§;ads, 1) = —if(r — ") exd —I'(t — 1')/2]>; ¢p, (t)lp,/ (t’) Given
G", the other Green functiod = can be determined via the Keldysh relation [14], which aIIows the time averafdof
to be expressed in terms of the Fourier components of the Floquet functions as

- €F |¢1 |2
J = d Im
|:f € file) Zn: [nhw—i—E —e—il'/2
qo(j)*qoij)qofj,)i ¢(f’>+
4 d i'n n' n'+m¥i'n+m 6
EZLR/ € fele) ; ” (nho + E; — € — iT/2)[(n + miw + Ey — € + il/2] |’ (©)
nn ,m
where ! Equation (6) is an exact result for the time-averaged cur-
rent atU;, = 0, valid for arbitrary gate and bias voltages.
U) _ @ 7w 1o (j)(t) 7 Figure 3 shows the time-averaged current for the case
Pim = S5 i e el nr = pwg =0 for several ac driving voltages, calculated
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' — ' ' : can thus tunnel from dot 2 to reservédit Subsequently,
0.8 1073 :
.| another electron can tunnel from reservaironto dot 1
0.6 1 € 05 /E ' Eﬁ 2 N=1 | and the process is repeated, leading to a dc current. For
S o C af Uy, =0, each of the two delocalized quasienergy states
g 0'26 T4 o s contributes independently to this current. Consequently,
~ 0.4 ‘ B one can resolve the Rabi splitting between these states by
D 2 sweeping one of the chemical potentials while keeing
0.2 L fixed. For example, the inset to Fig. 3 (solid curve) shows
’ 4 3 jumps of widthI" in / whenu, crosses the two quasiener-
0.0 J\ gies for the 1-photon resonance of the system. The spacing

' ' ' ' ' ‘ S ur between the two jumps is equal to the Rabi splitting
2 4 6 8 10 12 14 Qp =2w|(V/hw).

) For U, > 0, the two quasienergy states are no longer
independent, and the time-dependent transport can no
through a double quantum dot with = -5, e, =5,1"=0.5, l—or.]geLbeI.SO.N?d ex?{:ﬂy' I_—|owever, one can stil Calcmahte
and ac amplitudé =2, 4,6 (increasing/). Energies are given Jin the limit I' < {) using a rate-equation approac
in units of w, the tunneling matrix element between the dots.[20], and the results fot/;; = 2 are shown for compari-
With u; = ur =0, the system functions as an electron pumpson as a dotted curve in the inset to Fig. 3. The current
due to coherentv-photon-assisted tunneling, with resonancesat the one-photon resonance is now reducedl f8 for

at wy =(Ae?+4w?)'/2/N . Inset: time-averaged current at < < + Al
the one-photon resonaneg= w; vs dc biasu;, with V =6. Ey < py < Up + E- due 1o the inability to populate

FIG. 3. Time-averaged curregt (in units of J., = el'/2h)

Solid curve: Uy, =0, T =0.05, ksT = 0; dotted curve:U, = both quasienergy states__smultaneously. There is also a
2,kyT =0.05>T. The jumps, of width ma%7,T), of J at ~ Second series of jumps thwhen ML Crosses the thresh-

E. andE. + Uy, allow one to resolve the Rabi splitting.. — oldsE+ + Ui, toinject electrons into stat€+ when state
E_|=2wJ,(V/hw)=0.563 and the interdot interactioty. E- is occupied. Thus both the Rabi splitting and the in-

terdot interaction can be resolved by examining Ihg
via Eq. (6) in the limit of zero temperature. A series characteristic of the electron pump.
of peaks inJ, occurring at the frequenciasy = (Ae* + In order to understand the heights and widths of the res-
4w?)'2/NF corresponding to the delocalization transi- onances ir/, it is useful to consider the limit of strongly
tions, is evident. At th&vth peak, the dc current flows in localized orbitalsw <« Ae with weak drivingV < fiw,
response to resonaNt-photon-assisted tunneling: When so that only resonant processes contribute to the current.
the electron is on dot 1, it has an energy-Ae/2 < puy, Using Egs. (4) and (6) at zero temperature and the fact
and cannot tunnel into reservdir In performing a Rabi that the quasienergy eigenstates are completely delocal-
oscillation to dot 2, the electron absodphotons, giving ized on resonance, one obtains the time-averaged current
itan energy=—Ae€/2 + Nhow = Ae/2 > ug; the electron | at theN-photon resonance fdv,, = 0,

— _£ QI% _1 ML_61+O'QR/2 . _q MR_62+O'QR/2
Jres = " (()% n Fz) zz [tan ( F/Z tan F/Z

o==*1
ol ((uL — e + 0 Qr/2)* + (r/z>2>}

+ In

20 \(ugr — e + 0Qg/2)? + (I'/2)? ®)

Equation (8) shows explicitly that each of the two de- Uiz, e — pg > I, one finds

localized quasienergy states contributes independently to 7 _ 2 2 2

the resonant current. Fdt < Q, the logarithmic term Tres = (eT'/21) Qie/(Q + T7). )

in Eq. (8) is negligible, and the arctangents jump rapidlyFor I' < Qg, J.s = eI'/2A, which is the largest current
from — /2 to /2 whenu g cross one of the quasiener- possible for couplind™ and signifies thamo electrons tra-
gies, leading to the sharp jumps inshown in the inset verse the system in the opposite direction; the resonances
to Fig. 3. Equation (8) predicts thdt., is not a mono- in J have an intrinsic width ofs wpwam =2Qr/NA.
tonically increasing function of the ac amplitudg but  J., obtains a maximum 0éQx /4% when the tunneling
reaches a maximum fof ~ Ae, then decreases, due to rate to the leads is equal to the Rabi frequency. In the
the oscillatory character of the Bessel function (. limit T'> Qg, Jres :eﬂ,%/zhl“ and the resonances are
This behavior is borne out in the exact solution. The broadened in energy by (and hence in frequency by
hibition of transport at large ac amplitudes is one featured wgwym = I'/NA). In this limit, the photon-assisted tun-
which distinguishes true photon-assisted tunneling frormeling is incoherent because the phase of the electron is

adiabatic electron transfer [5]. randomized on a time scale short compared to the Rabi
It is instructive to consider several limits of Eq. (8) with oscillations. It is only in this limit,I' > Qg, thatJ can
regard to the coupling to the leads For u; — €, —  be calculated via Fermi’s golden rule using the lifetime
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