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Resonance-assisted parametric electron pump
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We report a theoretical analysis of parametric quantum pumping of electric current which is aided by
guantum resonance. The electron pump is realized by cyclic deformations of the barrier heights of a double-
barrier quantum well. The pumped current is found to have large values near a resonant level, it has a rather
sensitive dependence on such control parameters as the deformation strength, phase difference, and the well
width, and it has a power-law temperature dependence.

A parametric electron pump drives an electric current aturrent shows a nonsinusoidal dependence of the phase dif-
zero bias by cyclic deformations of two or more systemference, similar to the experimental findinys.
parameters:? Classical pumps have been reported to operate To analyze parametric quantum pumping, we make use of
in the Coulomb blockadéCB) regime®4where electrons are the scattering theory developed by Broufvavhere an
forced through the device by cycling the coupling of the€electron-electron interaction such as the Coulomb blockade
device to the reservoirs. More recently, on open quantumeffect is neglected. In order for a parametric electron pump
dot-based parametric electron pump has been fabritated® function, we need simultaneous variation of two system
where two gates with oscillating voltages control the defor-ParametersXy(t) =X;sin(wt) and Xp(t) =Xzsin(wt+¢). If
mation of theshapeof the dot. The pumped dc voltadé, the time variation of these parameters is slow, |)é(.t).
is measured to vary with the phase differegcbetween the =Xo+ X sin(wt), one can prq\/(_athgt the charge passing
two gate voltages, and is antisymmetric abat . At low through contactr due to. the infinitesimal change of the sys-
pumping amplitude, the experimental data g&\g~ sin ¢. tem parameter4X—0) is
The amplitude of the pumped signal is found to increase dN dN
nonlinearly with the driving force, and it decays with tem- an(t)=qd—):5xl(t)+qd—):5xz(t)- (1)

0.9 ; 1 2

peratureT as a power law~1/T"*. Motivated by the very
interesting findings of the experimehin this paper we re- Furthermore, the current flowing through contactdue to
port a theoretical analysis of the adiabatic quantum electrothe variation of parameteds, andXj, in one period of time,
pumping phenomenon in a double-barrier quantum-well deis given by

vice.
The general physics of a quantum electron pump has been |a:q_wj7 {% % + % % , )
the subject of several theoretical analy$é$and the device 2m)o [dXy dt — dX; dt

has been proposed to become an electric current staﬁdar%hermzzmw is the period of cyclic variation. The quan-
However, to date all theoretical investigations of parametriqity dN,/dX is the emissivity® which, in scattering matrix

pumping have focused on open and transparent device struieory, is determined by the following expression:
tures. For electron pumps operating in the CB regime, the

energy level spacingE=E;, ;—E; of the device is in gen- dN, dE S,
ay pacingE=E;;—E; g fﬁ(_‘?Ef)E i Sat
B

eral much smaller than the charging energy, wherés the ax -
ith single electron level. Therefore, in the CB regikE is

irrelevant to the pumping operation. On the other hand, thigvhereS,; is the scattering matrix anflis the Fermi distri-
paper examines the phenomenonegonance-assisteglec-  bution function. The emissivitgN,/dX is the partial den-
tron pumping for whichAE plays the most important role. sity of states(PDOS in the configurational space for elec-
We will be interested in the well known resonance tunnelingtrons emitted through lead. For instance, ifX is energy,
regimé for which charging energy is of no concern althoughthendN, /dE is the familiar PDOS measuring the electron
the device is not transparent. Our results indicate that eledwell time.

tron pumping is drastically modified by the resonance states The quantum-well structuttwe examine is modeled by
such that the pumped current obtains a very large value at potentialU(x) =V, 8(x+a) +V,8(x—a), whereV; andV,
resonance point. As the Fermi energy is vali@tiich can be are constants anda2is the well width. For this system, the
controlled by gate voltagethe pumped current can reverse Green’s functiorG(x,x’) can be calculated exacttfThis is

its direction as a result of competition between two pumpingdone by applying Dyson’s equation regarding the fact that
parameters. Our result shows that the pumped current is aany one of the’ barriers is just a perturbation of the remain-
tisymmetric aboutp= 7, consistent with the experiment of ing system. This wayG(x,x’) is obtained by applying
Ref. 5. In the strong pumping regime, the calculated pumped@yson’s equation twice, starting from the Green’s function
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FIG. 1. The pumped currefgolid ling), emissivity(dotted ling, FIG. 2. The pumped current versus barrier heightfor differ-

and transmission coefficiefdashed lingversus Fermi energy with  ent Fermi energies. Solid lin€Eg=0.45; dotted line:E=0.75;
Vo=1.0. For illustrating purpose, we have multipliggby a factor  dashed lineEg=1.1; dash-dotted lineEx=1.65. Other parameters
of 10. Other parameters a@=1,¢=m/2, andV,=0.4. Inset:  area=1,¢=m/2, andV,=0.4. First insetthe lef): the pumped
d1,d2,dN/dX;, anddN/dX; versus time in a cycle foEg=1.6. current versus separatiora2vith E-=1.6 andV,=4. Second in-
set: The pumped current versus phase differeshictor the four
of the one-dimensional free space. WiB(x,x’) we can different Fermi energies af,=1.0. We have multiplied,, in the
calculate the scattering matrix exactly from the Fisher-Leeansets by a factor of 10.
relation'® Sap= " 0uptTihvG(X,,Xg), With v the electron
velocity in the lead. Finally, applying Eqél)—(3), the para- |, can reverse its direction as a function of energy. This is
metric pumping properties can be calculated exactly for thé€en in Fig. 1, wherg, takes a negative value neér 1.6
model double-barrier quantum well. and 8, and is a direct consequence of the pumping mecha-
The electron pump we consider is operated by changingism. To understand, let us examine the charge pumped
barrier heights adiabatically and periodical;=V;,=V,, through atE=1.6. The inset of Fig. 1 shows(t) (solid
+Vy5Sin(wt) and X,=V,=V,o+ Vysin(wt+ ¢). This can be  line), g,(t) (dotted ling, emissivitiesdN/d X; (dash-dotted
achieved by microfabricating metallic gates at the barrier reline), anddN/dX; (dashed lingas a function of time. Here
gion and applying a time-dependent gate potential. Since thg;=dN/dX; dX;/dt (i=1,2) is the charge emitted to the
pumped current is proportional to [see Eq(2)], we will set  left lead due to the variation of;. Since we have fixed
o=1 for convenience. We will make a further simplifica- =7/2 andw=1, we obtaing,=V,dN/dX,cosf) andq,=
tion, without losing generality, by assuming;;=V,=V, —V,dN/dXzsin(t). Indeed, the numerically calculategy
and V0= V,0=V,.** Finally, the unit is set byi=2m=kz  andq, look very close to cos and sin functions. The result
=1, wherekg is the Boltzmann constant. For the system ofshows dN/dX;<dN/dX,, hence I,=/¢(q,+0q,)dt/7 is
GaAs with a=100 A, the energy unit iSE=5.6 meV, negative at this energlg=1.6. Exactly the same way, one

which corresponds to the temperatdre 65 K. can confirm that a positiveé, is obtained whendN/dX;
In Fig. 1, we plot the pumped currehj at zero tempera- >dN/dX,.
ture versus the Fermi enerdsg (solid line) at = w/2. For The pumped current through the double-barrier quantum

comparison, we also plot transmission coefficiédashed well is quite sensitive to several system parameters because
line) and emissivitydN,/dX=%;dN,/dX; (dotted ling. it is dominated by quantum resonance. Figure 2 shoyws
The two peaks in the transmission coefficient indicate quanversus the static barrier heigi for several energies. Ag,
tum resonance at those energies mediated by the resonarinereases, the resonant level inside the quantum well also
states. The resonance states have long lifetimes as indicatattreasegsee the inset of Fig. 4, where we plot the resonant
by the peaks of emissivity. Clearly, the pumped currignt energy as a function of static barrier heigiwhen the reso-
also shows a resonance behavior, sharply peaked at the reswnt level for certain values &fy is in line with the electron
nance stated,, is largely suppressed away from resonancefFermi energy, a peak ih, emerges as Fig. 2 depicts. The
hence in this device it is aided by quantum resonance statefitst inset of Fig. 2 plotd , versus the quantum-well width
Note thatl, comes from a totally different physical mecha- 2a, showing a periodic function of& This periodic depen-
nism as compared with the conventional tunneling currentlence on well width is actually expected from the form of
through the quantum welland it is calculated from totally the scattering matri%X> Essentially, the separationa2con-
different expressiongsee Eq.(2)]. Nevertheless, sinck, is  trols the resonant level position which gives rise to the reso-
guantum coherent, it is subjected to quantum interferencenances shown in the inset. The second inset of Fig. 2 shows
which establishes the resonance behavior. We have comy as a function of phase differeneg for different Fermi
firmed that this is a generic result for the tunneling regime byenergies. Our result suggests being antisymmetric about
investigating barriers with different heigh,, and, in par-  ¢= and|l | is maximum at¢=7/2. |, is reversed if the
ticular, for largerV, the resonances df, become signifi- phase difference betweefy and X, is reversed. Note that
cantly sharper. our result ofl , versuse is in agreement with the experimen-
For a conventional tunneling current, its value is eithertal data of Ref. 5.
positive or negative once the bias voltage is fixed. However, Experimentally, two important factors are temperature
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FIG. 3. I, versus temperaturg for Vo=4 andEg=1.6 (solid
line), Vo=2 and Eg=1.15 (dot-dashed ling and Vy=1 and Ef o.01 1
=0.7 (dotted ling. Other parameters ara=1,¢=m/2, andV, 0.009 1
=0.4. Inset:|, versus the pumping amplitude, for different 0.007 1
Fermi energies with/y=4.0. Solid line:E=0.5; dotted line:E¢ _ 0005 1
=1.0; dashed lineE-=1.5; dash-dotted lineE=1.8. § 0003 §
3 0001 1
and pumping amplitude. Temperature smears quantum interg -0.001 y
ference and reduces resonance peaks. Figure 3 showlsphow§ -0.003 1
decreases. The inset of Fig. 3 pld{sversus the pumping -0.005 ]
amplitude V, for several different Fermi energies. -0.007 1
increases) , increases in a nonlinear fashion. This is also <0009 1
related to the resonance nature. Consider the resonance lev 0" . ‘ i

E, (for Fig. 3, E,=1.65). Since the barrier height changes
with time, we expect,(t) to oscillate arounds, with an
amplitude proportional t&/,. For Er=0.5(solid line in the
inset of Fig. 3, which is far fromE,(t) most of the time, it

3 4
Phase difference

FIG. 5. I, versus¢ at different Fermi energies fov,=10a
=6. (@ V,=2.0E£=0.066 26(solid ling), Ex=0.066 28 (dotted

is very difficult for electrons to flow out of the system, henceline), and Er=0.066 31 (dash-dotted line (b) V,=0.2, Ef
I,~0 unlessV,, is very large. WherEg increases to 1.0, =0.0662(solid line), Ex=0.0664 (dotted ling, and Er=0.0665

which is closer toE,,l, (dotted ling starts to increase (dash-dotted line

sharply aroundv;=2.0, where the resonant level is about
1.3 according to the inset of Fig. 4. F&-=1.5, which is

mission coefficient for the barrier heighy=10 and pump-

nearE, I, (dashed lingrises very quickly. However, when ing amplitudeV,= 2.0. Figure 5 presents the pumped current
Er=1.8 (dot-dashed ling which is off-resonant again, the as a function of phase difference. For the strong pumping

pumping is not as efficient as that f&-=1.5. WhenEg

case withV,=2.0 [Fig. 5@)], the relation between pumped

>2.0, the direction of the pumped current reverses. Finallycurrent and the phase difference is no longer sinusoidal while
we consider the strong pumping case with much larger barhe sinusoidal behavior is maintained at the small pumping
rier height. Figure 4 plots the pumped current and the transamplitude withV,=0.2. We note that the experimental data
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FIG. 4. 1, versusEg for Vo=10V,=2.0¢=7/2, anda=6
(solid line) and the corresponding transmission coeffici@fttted

of Ref. 5 also showed a nonlinear driving force dependence
by the pumped signal and the nonsinusoidal behavior at
strong pumping, although the physical origin is perhaps dif-
ferent from our case studied here. So far, our calculation
assumes that the phase coherence of the electron wave is
maintained. We have not considered a dephasing mechanism
such as inelastic scattering of the phonons. Phenomenologi-
cally, the decoherent effects can be modeled by an additional
fictitious voltage prob® and treat transmission as a sum of
the coherent and incoherent parts. Alternatively, the
inelastic-scattering effect can be modeled by including a
complex potential in the scattering regithln general, the
interference pattern is smeared out with the increase of the
inelastic-scattering rate and hence pumped current as it is
due to the large DOS. In the experiment of Ref. 5, the
pumped voltage is of order I6 V and the conductance is
around 22/h~(13 kQ) . Hence the pumped current is

line). The transmission coefficient is offset by 0.3. Inset: the reso-about 10'* A. Note that the scattering theory for paramet-

nant levelsk, versus static barrier heighy with a=1.

ric pumping is only valid for the first order in frequency
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(compare with the high-frequency limit of 10 THz). If we Width, relative phase, pumping amplitudes, and temperature.
take pumping frequency =100 MHz, then our prediction All of these can be very well controlled experimentally using

to the pumped current will be around 16 A. present technology.
In summary, for the double-barrier quantum well the
pumped current is predicted to behave in a resonant fashion, ACKNOWLEDGMENTS
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