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Correlated two-electron transport: A principle for a charge pump
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By considering a correlated two-electron transg®E&T) process and using a diagrammatic analysis within
the Keldysh nonequilibrium Green’s-function formalism, we discuss a charge pump by which carriers are
pumped from a contact with low chemical potential to another contact with a higher potential. The TET process
involves two correlated incident electrons scattering and exchanging energy with each other. The process can
redistribute the current over energies and it involves high empty states and/or low filled states of the Fermi
liquid of the leads.
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In the past two decades, quantum electron transpomonconserved currerdensity i.e., 2, j,(e)#0. Using the
through mesoscopic and nanoscopoic structures has receivebaracteristics of the correlated two-electron transport pro-
considerable attentiohCharge transport theories for nano- cess, we design an interesting charge pump so that incident
structures typically consider the situation of an incident eleccarriers can be pumped from a contact with low chemical
tron from a lead that is scattered in the device scatteringpotential to another contact having a higher potential.
region and transmitted to other leads or reflected back from We consider a QD coupled to two or three leads, de-
where it came. The scattering region can be rather compliscribed by the following Hamiltonian:
cated and may involve electron-electror-€), electron-
phonon, elec_tron—impurity, and qther intt_aract_ions and scatter- 2 eadldwUd}dedIdﬁ 2 enkagkaanka
ing mechanisms. The scattering region itself can be a a nKa
semiconductor nanostructure such as a quantuni@j, a
carbon nanof[ube, or a single molecule. The s'catteri.ng pro- + > [ty@h,d.+H.cl,
cesses may involve exchange of energy or spin. While situ- nk.a
ations and physics can vary widely, charge transport in nano-

.1. T . T .
structures has, so far, largely been considered as involving \gheretankq (lank&)an((ji .da (g“) are (t:r ea}tlogﬁannlgll_atltl)r) d
single electron incident from a noninteracting lead of theOPErators in iead and in QD, respectively. The QD includes

device; it traverses through a complicated scattering regio%WO sta_ltes _and has_ an mtra_dot C°“'°”?b |_nteract1bnThe
. SO . . : ~ ~subscripta is the spin index, it may also indicate other quan-
in which interactions occur and finally exits the device

. . . m numbers. T nt for a magnetic field, wi
through the noninteracting leads. We will refer to them astu umbers. To account for a magnetic field, we det

. . . Fe€ .
single-electron tunneling or single-electron transHGET) In the following we focus on investigating elastic TET by
Processes. ) L analyzing the behavior of current densjty(e) from leadn

In this paper, we go one step further by investigatiog-  , he QD. j, (€) relates to the current, through I,
relgtedtwo-electron tunneling and transp@RET) Processes _ i (yde. We also define the electron occupation number
which, to the best of our knowledge, have not been St“d'egiensity operator
before. In these processes, two incident electrons with ener-
gies €; and e, tunnel from the leads into the scattering re-
gion of a device, scatter with each other, and exchange en-  N,(e,7)= >, [e'“al, (Tan(7+1)(dt/2m).
ergy (they could also scatter and exchange energy with other kia
particles in the scattering regipnFollowing the scattering . , , ,
event, they transmit to the outside world through the con!Nn(€, 7)de describes the electron occupation number in lead
tacts, but with energies, and €} which are different from 1 in the energy range to e+de at time 7. Current density
the initial valuese;, €, due to energy exchange. #+¢, In(€) can be calculated from the time evolution of
=ei+ej, ie., the two incident electrons do not exchangeNn(€.7): in(€)=—&((d/d7)Ny(e,7)). This leads to(in
energy with other particles, the transport process as a wholdhits of2=1)
can be considered as elastic. In the TET process, the varia-
tion of electron number in the scattering region is always
two: a situation that is different from SET. We show that such
TET processes can indeed occur, and it affects measurable
physical quantities such as charge current. In particular, TEWhere  linewidth ~ function T',(€)=2m 3y |tnd26(e
induces a transport vertical flom—meaning carriers incident-e,,); f,(e) is the Fermi distribution function for lead
with energye; exit at a different energy;, resulting to a n; G!;~(e) are the retarded and Keldysh Green’s functions

L'n(e) r <
T 21, (6L (4G ()], (M)

ko

jn(e)=—elm>,
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of the QD? With the use of the standard equation of motion
technique, G/ (e) has already been solved in previous
work:>* = + Fou = +

1+ UA_ Ny
_ . 30 2y by’
€€ 2, (E)+UA”‘(2a+Ea) FIG. 1. Relevant Feynman diagrams considered in this work.

where The single solid lines, double solid lines, and the wave lines stand
for the Green’s function&,, B,,., and interactiotJ, respectively.

Gule)=

)

e — =SSO 5@ 52 y1-1.
Adle)=leme,~U=2 () =2 () =2 ()] take the interacting part of the Hamiltonian ad,
3O s the lowest-order self-energy (2P are the =Udld;d'd,, and the remaining paH —H, as the nonin-
higher-order self-energiésandn,,=Im [ (de/2m)G: (e) is teracting HamiltonianHy. The first-order irreducible self-
the intradot electron occupatioan number of state It is  €Nerdy we consider is shown in Fig. 1. It is clear that the
worth mentioning that if temperatur€ is lower than the Z2&roth order graph describes a two-particle independent
Kondo temperatur&y , the solution of Eq(2) has a Kondo propagation process without scattering. The first-order graph

. ) : scribes a two-particle propagation involving the exchange
resonance at the F_erml level which has been the subject an interacting energy. Similarly, higher-order graphs
many previous studieb.

. : .. (which are reducibleconsist of the two-particle propagation
We investigate TET processes at a temperature highgy;ocess with multiple exchanges of These graphs add up
than Tc. To this end we need to solve the the Keldyshtg the vertex shown in the last diagram of Fig. 1. Two im-

Green's functionG (). Note that if one applies the com- portant points should be mentioned heii¢.The vertex we
monly used ansatz for interacting lesser and greate¢alculate sums up all reducible diagrams constructed by the
self-energies, or using the largéd limit noncrossing irreducible self-energy of Fig. flalso see Eq4)]. This level
approximatiofi®to solveG (¢), the two-electron scattering of approximation is equivalent to that of a typical random-
will be lost in these approximations. Therefore a more prephase approximation, i.e., we compute the irreducible self-
cise analysis is needed in our problem and we proceed &ergy up to ordet) 1. It is reasonable to neglect other
follows. Introducing the intradot electron occupation numberhigher-order irreducible diagrams which are of orders?

density operatoN (e, 7) = [ e'“d! (7)d,(7+t)(dt/27) and and higher, because the interaction enekgys large. (ii)

) . - B Single solid lines in Fig. 1 stand for the intradot contour-
due to the steady-state conditi¢(d/d7)N,(e,7))=0, we ordered Green’s function§&, of the HamiltonianH (not

have Hy). This means that we have summed over all terms in the
iT, Feynman diagram expansion Gf, .
—e> > {G (e)+ T, [G(e)—G2(e)]}=in(e), (3 The corresponding equation for Fig. 1 is
n

Be/a(t,00=—G,(1,00G4(t/0",0
where i,(e) gives the intradot vertical flowi,(e€) ola(t.0) (0G4l )

=ieU [ €'“{(d}(0)d5(0)dz(0)d, (1))~ (d](0)dL(t)dx(t)
X d,(1))}(dt/27r). The quantityi ,(e) can be viewed as an
intradot “vertical” current density at energye that is con-
tributed by carriers with other energies due to #e scat- (4)
tering process. Summing over the indexEq.(3) reducesto  Finally, we getB_ ~(t,0), B ~(t,0), andB; ~(t,0) from
2njn(e)+ Z,i,(€)=0, which is exactly the steady-state Eq.(4), and upon taking a Fourier transformation we get
current conservation equation so that the total current
density—including the vertical flow—through the intradot
energy levek is zero. IfG! (e) andi,(€) have been solved,
from Eq.(3) G (€) can be obtained immediately.

Next, we solve the vertical flow quantity,(e). We intro- +iu
duce two-particle contour-ordered Green'’s functi@ngt,0)
and  B(t,0), B,(t,0)=—(Tc[d,(t)dg(0")d](0)d(0)]) dw
and B(t,0)= —(T¢[d,(t)d(t)d!(0)di(0)]). Although —Bg*(e)fz—cs;*(e— )Gz (w)
there are four operators in the definiti@n,.(t,0), only two 7
time indices at {,0) appear. We can therefore write the do
contour- ordered quantities a$3}!(t,0), B} (t,0), Be (e)=- f ﬁG;(E— 0)Gy (o)

+iuf dt;G,(t,t1)G4(t/0" ,t;)Bs(t4,0).
C

- do -
B, (e)=-— JEG”‘ (e—w)Gy (w)

+- do -+ -+
B. (6)jEG“ (e—w)G5 (w)

)

Cc
B¢ (t,0), andB_ . (t,0). Their Fourier transformations can
be defined aB(e)= [ € “'B(t,0)dt. Using the two-particle
Green’s function, the vertical flow ,(e) is reduced to
i.(6)=—(eUlm)ImB} (e).
The contour Green’s functioB . is solved by means of
a Feynman diagram expansion using the Wick’s theorem. We

d
+iU BJ*(@J%G;*(G—Q})G;*(@

. do .
— B (G)JZGQ (e-0)Gg (w)|, (6
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processes correspond to single-electron tunneling from the
left to the right leads through resonanceeat €, ande;
+U, respectively.

So far we have demonstrated that TET processes can ex-
ist. In the following we analyze several important questions
concerning TET. What is its consequen¢®?TET redistrib-
utes the current over energies, and it makes cudensitya
nonconserved quantity, i.€,, j,(e) # 0. Of course, the total
current is still conserved, i.e3,1,=0. This can be easily
proved from the definition of the vertical floife), namely,

i(e) has the property[i(e)de=0. (ii) TET can involve
high-energy empty states, namely, states which are higher, by
aboutU, than the highest chemical potentralax(w, , ©r)

[see the inset of Fig.(8)]; it may also involve electrons deep
inside the Fermi sea, namely, states which are lower, by
aboutU, than the lowest chemical potentiadin(w, , ug)

[see the TET process shown in the inset of Fidp)R (iii)

TET may induce a negative current density at the high-

05

current desnity (e/h)

FIG. 2. j ;r(€) andi(e) versus energy in the wideband limit.
The parameters are,=—0.5,¢,=0.1,U=1, T=I'=0.1, andu
=—ur=0.7. Insetga) and(b) are schematic plots for two kinds of
TET processes.

B, (€)=—ingG, " inal, i i i
o« (6)==IngG, (€) voltage terminal, i.e., the left lead. This means that particles
do can tunnel from the QD to the high-voltage termifizldi-
+iU| G "(e) f 2—G§+(w—e)B§‘(w) cated by the negative peak @t+U in thej (€) curve, and
o

by the arrow “A’ in the inset of Fig. 2a)]. Similarly, TET
dow may also induce a positive current density at the low-voltage
-G, (e f 5-Ga (0=€)Bc (0)]. (7)  terminal, i.e., the right leafisee arrow “A" in the inset of
Fig. 2(b)]. These characteristics are rather different from the
typical elastic SET processes.
From Eqs(5)—(7), B, " (¢) can easily be expressed in terms ~ ynder what conditions does TET or the vertical flofe)
of G, (e), G, (€), G, (e), and G, (e)—these four exist?(i) We found that an increagdecreasgof temperature
Green's functions are directly related &, and G, . This T or linewidth I' will widen (narrow the peaks of vertical
completes the analytical derivations. flow, but does not affect peak positions and heights signifi-
From Egs.(2), (3), and (5)—(7), the intradot occupation cantly. (ii) If U=0, the vertical flowi(e)=0 identically:
numbern, and the vertical flowi ,(e) are determined self- TET crucially depends on this parametefii) If U
consistently. Let's consider a two-prob&@=L,R) device —x, i(€) tends to zero. This is because at latgethe in-
and the wideband approximation in whi€ly(e€) is indepen-  tradot two-electron occupation is prohibited, therefore TET
dent of energye. Figure 2 plots the vertical flow (e) is blocked. In this case only SET processes odgur.When
=3,i.(€) (solid line as well as the current densijy,r(€) bias potentialeV=pu, —ug is less thanU, i(e) decreases
at a high bias. Clearly, the vertical flowe) is nonzero due drastically. In the limit ofeV=0, i(€)=j,(€)=0.
to the TET processes, and its valli¢e)| has four peaks at Are observable quantities of charge transport affected by
energies €, , €, e,+U, and € +U, respectively. This the TET process?) Clearly the current density, r(€) is
means that the incident electron indeed can vary its energy iredistributed significantly, as already discussed ab@ieln
QD by e-e scattering. In contrast, in a typical SET processgeneral, the current, conductance, andwill be affected
the electron keeps its energy and does not induce any verticaignificantly by TET(see below. However, if one uses the

flow i(e€). wideband approximation, the TET dependence in charge cur-
The physics of the TET process that induces the verticatent will be lost.
flow is shown in the inset of Fig.(2). To start, two incident In the rest of this paper, we apply the property of TET to

electrons from the left lead having energiesand €, +U design a device so that electrons can be pumped from a lead
tunnel into the QD. They scatter with each other inside thewith lower chemical potential to another lead having a higher
QD and exchange energy to final statgsand e +U. Af- chemical potential. Consider a device with three leads (
terwards they tunnel out of the QD. In the vertical flow curve=1,2,3) and consider the nonwideband case. We use a
of Fig. 2, two peaks a¢| ande;+U are negativédips), and  model of quasisquare bands in which the coupling €)

the other two peaks at; and e, +U are positive, precisely =T'/{ exp[(|e—c,|—W)/0.05]+1}; the width of the band is
indicating the transfer of states from the initial oneg aand  set by 2V=1; and its center at,, which is dependent on
€;+U to the final ones ak; ande +U. It is also worth  the terminal voltageeV,=u, but u,—c,, is kept fixed.
mentioning that besides the new TET process, the usual SEWlore specifically, let's assume lead 1 to be a p-type semi-
processes also exist in charge transport through the QD in theonductor withu;—c¢;=0.4, lead 2 is am-type semicon-
present case. These SET processes manifest themselvesdastor with w,—c,=—0.4, and lead 3 is a metal withy

the three positivénegative peaks emerging at;, €, and  —c3=0 (see Fig. 4.” The energy diagram of the device is
€;+U in the current-density curvef (€) [jr(e)]. These set by external voltages as that shown in Fig. 4 below so that
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FIG. 3. The main plot showg,(€) versuse with u;=—1.3 and
the inset shows,, versuse V;= w4 for the nonwideband case. Other
parameters are e,=—1.1,¢ =—0.1,U=1.2,T=I'=0.05, u,
=0.4, andu,=0.9. The dotted, solid, and dashed curves in the
main plot correspond t,(¢€), j,(€), andjs(e), respectively; they
correspond td4,l,, andlj in the inset.

FIG. 4. Schematic plots for the working principle of the TET
charge pump.

o> > pg. The current density,(€) in this case is shown )
in Fig. 3. We note thaf,(e) (dotted ling has two positive Pumped from lead 1 to lead 2, wherg <u,, via the TET
peaks ak, ande; +U; j,(€) andjs(e) each have one nega- process. We er_npha5|ze that each tunqelmg event from Fig.
tive peak ate +U and e, respectively; andi(e) 4(a)—4{d) is a first-order nc_)rmal tunneling _event in which
=~ 3, jn(€) has two negative peaks at and e, +U and tunnelmg occurs at tvyo aligning statésot like a higher-
two positive peaks ate,+U and e . The currentl, order virtual cotunneling proces$ We therefore gpnclude
= [ j.(€)de is quite large. We emphasize two points for this that the_ TET process should ha_ve large a proba_blhty to occur
pump. (i) In this device the SET process almost does nofC thati(e) can be near the unit valgh (see Fig. 3 We
occur because bands of different leads do not overlap. Thefiave also investigated the terminal voltageg.,Vs) depen-
clearly, the large currerit, originates from the TET process: dence of current,,, shown in the inset of Fig. 3. A¥j; is
1,—0 if the vertical flowi(e)—0. This demonstrates that Incréased so tha@Vs=us passes the lowest resonance state
TET can significantly affect charge current in the general€; - _the tunneling event in Fig.(d) cannot occur and the
case of nonwideband couplingi) The charge current in the TET Processis bIocI_<ed, leading toa significant redchon of
terminal with the highest bias voltage, e.g., lead 2jéga- all c_urrentsln (including the pumping current,) (see inset
tive (solid line in the inset of Fig. 3 which demonstrates the ©f Fig. 3. _ ,
pump effect. The pumps works because when an electron In summary, we have_lnvestlgated the two-electron corre-
tunnels from lead 1 to 3, it emits energyto pump another lated scattering process in a mesoscopic system. TET induces
electron from lead 1 to lead 2, through the TET process. & vertlc_al flow m_the scattering region so that elec_:trons enter

More clearly, the working principle of the TET pump is and_ e>§|t the device with different energies. TET is found to
summarized in Fig. 4() We start from a situation in which _red|str|bu'ge the current over energies, and the process can
no charge is in the QD so that levais ande, are empty. In involve high empt'y states and/or low fll!ed stat'es of the
this situation, an electron in the Fermi sea of lead 1 having®@ds. The properties of TET suggests an interesting working
energye, can easily tunnel into the Q[Fig. 4a)]. (i) After principle of an electron pump Whlch_ pumps charge carr_led
this electron tunnels into the QD and occupies the QD levefrom & lead with low chemical potential to another lead with
of €, the other intradot leve#; is raised toe; +U, so that a higher chemical potential. Our proposed pump is very dn‘.-
another electron with energy + U in lead 1 tunnels into the ferent when compared to the electron-photon or parametric

9,10 14 ; P e
QD [Fig. 4(b)]. (iii ) When the second electron comes into thePumps=~ltis also worth mentioning that it is not necessary

QD, due to thee-e Coulomb interactionJ, the levele; with to usen- and p-type semiconductors and a metal in an ex-
¢ perimental setup. If the bands of lead 1 are full and bands of

its electron is raised te, + U, leading to a negative peak al o
! d g P leads 2 and 3 are empty, the electron pump will still work.

€, and a positive peak at;+U in the vertical flow curve Therefore it should b mentally feasible t lize th
i(e). Now the intradot two-electron system has total energy erefore it should be experimentally feasible to realize the

€+ €,+U [Fig. 4c)]. Afterwards the first electron in state device in a two-dimensional electron gas. In that case, the
€,+U easily tunnels to lead 2 and takes away energy narrow bands in our theory can be replaced with Landau

+U. The net effect is that the two electrons exchanged enl_evels.

ergy U, which is the TET process discussed above. When the We gratefully acknowledge financial support from
first electron leaves the QD, the other electrorat U falls ~ NSERC of Canada, FCAR of Quebé&@.-f.S. and H.G, the

to €;, leading to a negative peak at+U and a positive National Science Foundation of China, the Chinese Academy
peak ate; in the curve ofi (). (iv) Finally, the second elec- of SciencegQ.-f.S), and a RGC grant from the SAR Gov-
tron tunnels to lead BFig. 4(d)] and our device returns to its ernment of Hong Kong under Grant No.HKU 7091/01P
initial conformation of Fig. 4a). This way an electron is (J.W).
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