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Charge transport through quantum dots via time-varying tunnel coupling
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We describe a mechanism for charge pumping through tunnel-coupled quantum dots in the regime of strong
Coulomb blockade. The quantum state of an additional electron within the structure is steered by changing the
tunneling couplings between neighboring dots. Appropriate tailoring of the interdot tunneling rates allows one
to design the instantaneous eigenvalues of the system Hamiltonian. A combination of adiabatic following and
Landau-Zener tunneling results in the transfer of charge from one dot to the neighboring one. Coupling to
electron reservoirs via weak tunnel barriers then allows one to implement an electron pump.
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Single electron devices allow for the controlled transfertime-varying tunnel barriers. The left and the right dot are
and pumping of charges through small metallic islands orlso coupled, via additional tunnel barriers, to electron res-
semiconductor quantum doté. Monochromatic time- ervoirs. Only the ground states take part in the process of
dependent electric fields have been demonstiatetbad to  charge transport and their energies are tuned, via gate volt-
photoassisted tunneling through coupled quantum tfots, ages, so thaEg>Ec>E, . In the numerical calculations we
where resonant tunneling via two controllable discrete leveldvill set Ec=0 and takeEgr= —E =E,. The energy splitting
can be modulated by applying an oscillating signal to theEo=%i@o Will then be taken as a scale for the energy and
gate electrode or by irradiating the structure with micro-1/wo Will be the time unit.
waves. Consequently, different schemes for double dot We assume the charging energy of an additional electron
pumps, i.e., devices for the transfer of electrons between twi the triple dot so large that the system is effectively de-
reservoirs at the same chemical potential, have been sugcribed by a four-dimensional Hilbert space with basis
gested for monochromafi@nd pulsed irradiatiof. {10),|L),|C),IR)}. Here|0) is the “empty” state(no addi-

An alternative pumping mechanism is the slow parametridional electron in the structureand [L) (|C),|R)) corre-
change of system parameters such as tunnel rates. AlthougRonds to an additional electron in the ground state of the left
the original single electron turnstile experiméntslied on  (center, right dot.
adiabatic electron transfer, the adiabatic control of the wave We first discuss the effective one-particle problem of the
function itself is a relatively new topic. Experiments in openisolated(no coupling to the leaddriple dot. The effective
dot€ have demonstrated the feasability of an “adiabaticHamiltonian is
guantum electron pump.” These systems can be described as
noninteracting mesoscopic scattergrBhis allows for the  H(t)=E_|L){L|+E¢|C){C|+Eg|R}R|+AT1(t)[|L){C|

eneralization of a number of concepts from metallic sys-
fEgems, such as mesoscopic quctuatiE)‘?‘uesl,symmetriesl,l or g +HCHLIT+ATAO[CHR[+[R)XCI], ()
resonance¥’ to the time-dependent case.

In this work, we describe a mechanism for charge pumpWIth Eq (a=L,C,R) the energy of the ground states of the

. different dots, and';, T, the tunneling constants, assumed
ing throughthree tunnel-coupled quantum dots attached 04 be real (negative for the sake of simplicity, between

e e o Stong oD neighionng dot.
: pumping by p To illustrate the principle of the proposed mechanism of

cally varying not the coupling to the leads but by varying the :
(inn}(/ao cc);upgljings among ?hegdots which are anyintririlsic?part(:harge transport, we neglect dephasing processes, such as the

of the whole quantum systefthe triple doj itself. Appro-

priate tailoring of the tunneling rates between neighboring = mlg

dots then allows one to design the instantaneous energies and

wave functions of the structure. A combination of adiabatic —_—

following and Landau-Zener tunneling results in the transfer —

of charge from one dot to the neighboring one. Coupling to —

electron reservoirs via constant tunnel barriers then allows

one to implement an electron pump completely based on a

quantum mechanical mechanism. FIG. 1. Semiconductor structure consisting of three dots coupled
The minimal structure for our scheme to work is shown invia tunnel barrierd’; andT,. The left and right dot are also coupled

Fig. 1 and consists of three dotk,(C, andR) coupled via to electron reservoirfeads.
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interaction with the phonon bath, so that the evolution of the °°
system is ideally coherent and corresponds to the wave func
tion

(1)) = (Hyexd] —iE /A ]|L)+ce(t)exd —iEct/#]|C) N T —
+cr(t)ex —iExt/A]|R) 2 —
3. F 3.
whose coefficients obey the Schinger equation . I o I
S o0 g 0.0

cL(t)=—iTce(t)exd —i(Ec— E /AT, (33 % \/ oy \/

Co(t)=—iTic (exd —i(EL —Ec)t/A] Y Sp— T ek
—iT,cr(t)exd —i(Er—EQ)t/h],  (3b) i A et
. 04 04
Cr(t) = —iT,Co(t)exd —i(Ec—EQt/A]. (30 oo \ vz
0.0 L L L 0.0

Consider first the ideal case in which the tunneling between  ° & 0 B W
neighboring dots can be completely suppressed, i.e., the tun-
neling ratesT,; and T, can be tuned between zero and any FIG. 2. Tunnel-coupling pulse sequeritep) and corresponding
arbitrary valueT;<0. Then, an appropriate tailoring of the time evolution of the energy eigenvalug=entey and populations
time-varying tunnel rates between the dots results in pairs ofoottom. The populationdI,=cjc, (a=L,C,R) are determined
level crossings and anticrossings, in profound analogy witfy numerically solving the Schdinger equatior(3). The left col-
the energy spectrum of atoms in static electric and magnetigmn corresponds to.the case in.which only one tunnel goupling is
fields!® In the adiabatic limit® the state of the system coin- Nonzero T>=0), while for the right column both couplings are
cides with the instantaneous eigenstate of the HamiltoniarPulsed-
Therefore it is possible to steer the wave function of the
additional electron by changing the parametgusinel cou- one side of the structuresay, the right dotto the other side
plings) of the system Hamiltonian. In our case, adiabatic(the left do}. The corresponding procedure is shown in Fig.
following corresponds to the transfer of charge from one do8. In fact, assuming the additional electron is initially local-
to its neighbor dot. If the additional electron initially is in the ized in the right dot, it can be transferred to the center dot by
center dofc,(0)=4,c], turning on the couplind, induces  the same sequence of tunnel-coupling pulses as above: a long
a mixing between the center and the left dot. As a result, thd, pulse is applied, which alone would produce a pair of
electron spreads into the left ddig. 2, bottom left and the  level crossings; a shortdr, pulse changes the second level
energy levels of the coupled systdhaft and center dotare  crossing into an anticrossing, so that the electron is adiabati-
pushed apart for increasing,| (Fig. 2, center left cally transferred to the center dot. For the transfer from the
For E, <E-<Eg, a sufficiently large increase 6f,| re-  center dot to the left one the role df, and T, are ex-
sults in a crossing of the energy level of the right dot with the
higher energy level of the coupled left- and center-dot sys- oo ; = 00
tem. Clearly, ifT, is kept at zero, a slow increase|d%| and y / ]
subsequent decrease to zero does not produce any change . ™[ y T
the state of the system, which follows adiabatically. This is+ _ L
the situation described in the left column of Fig. 2. In this ' | p— AN S F— NS
way no charge transport is produced. : : : : : :
We now show that a pulsed, tunnel coupling com-
pletely changes the time evolution of the system, so that
adiabatic following results in a nonzero charge transports 5
through the structure. This is the situation examined in the<
right column of Fig. 2. In fact, a pulse®, can transform a -
level crossing into an anticrossing, as shown in Figright
column, centex If the T, pulse is shorter than thE; pulse
and it is centered around the position of a crossing of the
unperturbed systerti.e., a crossing fof,=0), only one of =
the level crossings will become an anticrossing. In this way
the adiabatic following of the system results in the transfer of
the additional electron from the initial dot to the neighboring
one as shown in Fig. 2.
The process can be iterated, and by exchanging the role of FIG. 3. Transfer from the right dot to the left one. The organi-
T, andT, the electron can be transferred adiabatically fromzation of the data sets is the same as for Fig. 2.
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changed: it is now, which produces the pair of level cross- ~ °°f
ings with T, playing the role of the control pulse, i.el; ) ‘
changes the last crossing into an anticrossing. In this way thes [ | ;
adiabatic following results in the transfer of the additional © , | } /
electron to the left dot. N
We now include the coupling of the triple dot to the leads,
and show that in this case the above mechanism allows on
to transfer electrons between two reservditse left and .
right leads kept at the same chemical potential, see Fig. 1.5 oo
The corresponding tunneling rates are denotedl pyand o o
I'r, respectively. The chemical potential of the electron res- . oz Y s
ervoirs is tuned somewhere in between the energies of the o s e 150 20 20 50 Co s 1o0 Ter 20 2 300
left and right dot, so that electrons can tunnel into the t !
quantum-dot structure only from the left lead and escape g, 4. charge transport through tunnel-coupled quantum dots.
from the structure only through the right barrigee Fig. 1L |eft column: the tunnel-coupling pulse sequeritap) and corre-

For weak COUp“ng_tO the leads, the dynamic:i of the coupledponding time evolution of the energiésttom. Right column: the
dots can be described by a master equétidfi*for the re-  evolution of the populations, as determined by E4), including

duced density matriy of the dots, which in our case reads the coupling to the leadsl'( =0.1, I'y=0.05, bottor), and for a
closed systemlI{;, =I'g=0, top.

1.0
0.8

~e

0.4

pLL=iTilpic—pcil+Tipee (49)
. ts ts
pcc=iTolpcr=prel HiTilpcL—picls (4b) Q= —ejt. I pedt= —eJt. Froredt. ®)
prr=1T2lprc— pcrl—Trorr: (40  Note that Eq.(5) is valid only in integral form. In fact, the
) charge can pile up temporarily within the triple dot so that
pee= — ' peet ' rPRR: (4d)  the instantaneous value efel’| pqe, i.€., the current flow-
. ing from the left lead into the dot structure, is different from
pLc=locpctiTipi—pccl FiToolr, (4e9  —el'grprr, the current across the barrier between the right

dot and the lead.
. ) . ) 1 Results of numerical calculations for the charQefor
pcr=I®rcpcrTITolpcc—PrRITIT1PLR™ EFRPCR' different strengths of the coupling to the leads are reported in
(4f) Fig. 5. In the limit of weak coupling to the electron reser-
voirs, i.e., for smalll’| andI'g, approximately one electron
. ) . . 1 per cycle is transferred from the left to the right lead. How-
pLr=10RPLRTIT1pcRTIToPc 5 TROLR: (49 ever, it should be noted that a weaker coupling to the leads
results in a slower electron pumping, because of the longer
where o, s=(E,—Eg)/h (a,=C,L,R) and pc corre- |eakage time.
sponds to the “empty” state. The scheme for adiabatic transfer as described above is
The sequence of tunnel couplings appropriate to transfesased on the existence of pairs of level crossings and anti-
electrons from the left to the right reservoir is shown in Fig.crossings. In our structure, a levelossingcorresponds to
4 (top left), together with the resulting energy eigenvaluesthe suppression of tunneling between two neighboring dots
(bottom lefy. We numerically solved the master equatidiy (T, or T, set to zerd However, it is in general not possible
results for the populationsl,,=p,, («=¢,L,C,R) are re- to completely suppress the tunneling between neighboring
ported in Fig. 4(bottom righj. Results for a closed system, dots, as this would correspond to infinitely high and/or thick
i.e., without coupling to the leads, are also reported for comtunnel barriers in real space. If the tunnel rates are kept at
parison(top righy. In the latter case, the time evolution cor- nonzero valued; <0 all the time, the previous degeneracies

responds to the transfer of an additional electron from the lefat the level crossings are lifted and the crossings become
to the right dot. In the case of an open system, the transfer of

charge to the right dot is followed by a charge leakage to the 15 =
right lead at a raté’z. At the same time, charge flows from tak OoO .
the left lead into the structure. In this way there is a net sl & -
charge transport through the triple dot which after the tunnel- é‘l’ ' O | -
coupling sequencgEncluding a “leakage time” of the order t2r 2w e
of 1/min(l" ,I'g)] is returned to the initial state witlal- 11 0002- " Tfli=1 o
mos} the whole charge in the left dot. Furthermore, also the oL e, !
tunnel couplingsT,, T, are back to their initial zero value. 00 o 02 08
The total charg&) pumped through the structure during a )
cycle, i.e., during a time intervat; :t;] which includes the FIG. 5. Charge pumped through the triple dot in a cycle as a
sequence of pulses and the leakage time, is function of the tunnel rat&, , at different values of g/T', .
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anticrossings. This is consistent with the fact that in a finitethe typical operation frequenay:=1/(t;—t;) of the pump is
one-dimensional potential there are no level crossings for a~10° s 1. The temperature smearing of the Fermi distri-

particle without internal structure. bution is negligible ifkgT<%wy~1 K. For these param-
We have repeated our calculations by adding a small buters, the inequalithv, kg T<%wye<U,A holds.
finite offset to the tunnel rates;(t) —To+ T(t). The time The described quantum pump is based on the possibility

the only exception being the previous level crossings that,yplings. In the intermediate steps of a pumping cycle, the
”OW:%‘T” into anticrossings. Although for smaly (To=  4qditional electron is indeed prepared in a superposition of
—10" " in our calculation the resulting level splitting is very - giates corresponding to neighboring dots. As an additional

tiny, the transfer me_chanism across _these points now iSst of the pure quantum nature of the proposed pumping
Landau-Zener tunneling, whereas outside the “nearly cross-

o X i ) X mechanism, we studied numerically the effects of an inter-
ings” the dynamics remains adiabatic. It should be noted tha&ots relaxation ratey which transforms superposition of
in the extreme case of arbitraribfowtuning of theT,(t), the & Perp

Landau-Zener tunneling becomes exponentially small an8tates into mixtures. For the parameters mentioned ahove,
there is no transfer of charge at all any longer. IS ;mgller or of the same Ord?'f as ratgs.due to Pho”‘?”
Finally, we comment on parameter ranges relevant for £MiSSion. qutunately, we verified that it takes relqtlvely
possible experimental realization in coupled semiconductol2’€ relaxation rateg=w, for the charge pumped in a
few-electron quantum dots. Experiments in double Hots cycle to drop to zero. Further studies for the crossover to a
have demonstrated that three gate voltages can be used @mpletely incoherent transport regime are under way.
tune the tunnel coupling and the ground state energies of In conclusion, we have proposed a mechanism for charge
two quantum dots, although an independent manipulation opumping through triple quantum dots. Coupling to external
two couplingsT; andT, in triple dots is bound to be more reservoirs allows for adiabatic pumping of electrons. The
difficult. In our calculation, we assumed that the ground statejuantum state of the additional electron within the structure
energy differencefiw, between two adjacent dots fulfills is steered by changing the tunnel couplings between neigh-
hwo<U,A, whereU is the Coulomb charging energy add  boring dots. Appropriate tailoring of the time-dependent tun-
the single particle level spacing within a single dot. Typicalnel couplings allows the transfer of electrons from one dot to
values ardJ,A~1 meV in coupled lateral dots with a diam- the other. Weak couplings to electron reservoirs then permit
eter of ~200 nm*® Assuming# w,~0.1 meV, we find that one to implement an electron pump.
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