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Device for charge- and spin-pumped current generation with temperature-induced enhancement
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We have proposed a device, a superconducting-lead/quantum-dot/normal-lead system with an ac voltage
applied on the gate of the quantum dot induced by a microwave, based on the one-parameter pump mechanism.
It can generate a pure charge- or spin-pumped current. The direction of the charge current can be reversed by
pushing the levels across the Fermi energy. A spin current arises when a magnetic field is applied on the
guantum dot to split the two degenerate levels, and it can be reversed by reversing the applied magnetic field.
The increase of temperature enhances these currents in certain parameter intervals and decreases them in other
intervals. We can explain this interesting phenomenon in terms of the shrinkage of the superconducting gap and
the concepts of photon-sideband and photon-assisted processes.
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Nowadays progressing nanotechnology allows one to fab- In this paper, we theoretically proposed a device, a BCS
ricate ultrasmall quantum d@QD) devices, where the en- superconductor-lead/quantum-dot/normal-lead system with
ergy levels are discrete and the length scale is less than thg ac voltage applied on the gate of the QD induced by a
phase-breaking length. In such a system the quantum mechgicrowave, based on the one-parameter pump mechanism. It
nism plays an important rofeDue to its potential applica- can generate either a charge current or a pure spin-pumped
tion in future quantum computation and quantum informa-cyrrent. Our calculation is carried out by means of the
tion technology, the transport properties of a QD system havgsreen's function method in Nambu space. The calculated
been studigd exter}sively both theoretically and experimengrrent is up to the order of T8 A for a set of typical
tally. Many interesting eﬁectsz,l such as Coulomb bIOCk]‘ade’parameters, which is detectable experimentally. The direction
Kondo effect, electron pumpg;* etc., have drawn much at- ¢ e charge current can be reversed by pushing the levels

tention in recent years. . . ) i
The electron pump is an effect by which an electric cur-2€ross the Fermi energy. A spin current arises when a mag

rent flowing through the QD arises when there is no voItag«Qgt'gnf;ge'slee\‘lzﬂ'egnf iih(?ar?ul?gt?er?/e?soé dtob Segtvérrfintwct)he
bias across it but some parameters of the system vary witﬂ generate ' X i y 9
magnetic field. To our surprise, the increase of temperature

time. To produce a pumped current at least two varying pa . .
rameters are needed in the adiabatic regiige, parameters SUPPresses these currents in some parameter intervals but
vary very slowly. The pumped charge in one cycle is pro- enhances them in other intervals. We explain the interesting

portional to the area of the surface enclosed by the evolutioffMperature-enhancement effect in terms of the shrinking of
loop in the parametric spaeand the pumped current the superconducting gap and the concepts of the photon-
reaches its maximum near the resonant |&weuwenhoven sideband and photon-assisted processes.

et al. have observed an integer number of electrons pumped We start with the model Hamiltonian of the device:
through the QD in each cycle in the Coulomb blockade re-

gime using a turnstile devicelf any of the spin-dependent H=Hs+Hy+Hy+Hry, (1)
mechanisms works, a spin pump effect may afi$df the _ + +
pumped currents carried by the electrons with opposite spin&here Hs= 2y, €Cy o Cuot ZKA (G C-k +H.C), Hy

flow oppositely and cancel each other completely, a pure spift 2as€qPq,Pqr @NdH=¢,(t)d!d; +,()d]d, are the Hamilto-

current result8-11 Watsonet al. realized such a pure spin hians of the BCS superconductor lead, normal lead, and
pump in a QD system by the application of an in-plane Zeeduantum dotHr=3,,Vicl,d,+2q,Vgbl,d,+H.c. is the tun-
man field?2 neling Hamiltonian.cl, (c,), b}, (bg,), andd! (d,) are the
Outside the adiabatic regime only one varying parametegreation(annihilatior) operators of the superconducting lead,
is enough to give rise to the pump effect. A first-principle normal lead, and QD localized levels.is the superconduct-
calculation implies that the photon-assisi@h) process is ing order parameter of the superconductor, which is pre-
the key concept to understandtand it has a relation to the sumed to be real. The Fermi energy is regarded as the energy
evolution of the system in phase spatéhe theory of a reference(i.e., e=0). Only two levels in the QD are taken
nonadiabatic pump is under development by now. Experiinto account. The two levels in the QDg,(t)=¢,
mentally, Switkeset al. observed that the pumped current +V cogwt), are oscillating with the same mannghe same
does not vanish when the two parameters vary in phas&equency and amplitugewith » andV being the angular
(which is equivalent to the one-parameter porfA calcu-  frequency and the amplitude of the ac gate voltage, respec-
lation in Ref. 13 qualitatively agrees with their experimentaltively. The influence of the ac gate voltage is modeled as the
result. A one-parameter spin pump is also possible theoretbscillation of all the levels in the QD with the same manner
cally, but no experiment has supported it up to now. but without a transition between them. This description of
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the effect of ac gate voltage is widely adopted by many au- 9 2z 9

thors, and it gives a sound result compared to the experimen- wl «t

tal one'®1’The ac voltage is applied to the gate by coupling z ]

a microwave to it® For simplicity, the Coulomb on-site re- y - > y il
pulsion of the electrons in the QD is neglected. Therefore, efz @ & 2 ai_ D
the Kondo effect is not considered, which is important only ¥ - v L |
when the temperature is below the Kondo temperature. \_)gT \ L\L

The time-dependent pumped current carried by the elec-
t_rons. with SEmU from the QD to the normal lead i,(t) FIG. 1. A sketch of the pump effect induced by level oscillation
—Re[I.Zpr<pr(t)d(,(t)>] (f a_nd e are Set.to be 1L In the in the QD at zero temperature for tk@® > A case andb) 0 <A
following, the Green’s function methé#'?is used to calcu- ¢ase. Only one-PA paths contributing to the pumped current are
late the pumped current. It is convenient to carry out thejemonstrated. The leve| is not depicted.
calculation in Nambu space in a superconducting-normal hy-
brid system. The Green’s function of the QD in Nambu space;

is T|ET:E:—JT|E:_E. Supposing the two levels both line up

with the Fermi energy, one can apply a dc gate voltage to
(dy(0),d (1)) ((dT(t),dl(t’)»} push the levels upward or downward from the Fermi energy
+ g + / : S0 as to generate a positive or negative pumped current. Fur-
{dj(D,d: D) (dj®),d,t)» thermore, one can apply a magnetic field upon the QD to
Hereafter we will use boldfaced letters to denote matricessplit the two levels and thus a pure spin current is generated.
By using the equation of motion method and the KeldyshThe direction of it can be reversed by reversing the magnetic
relation, the dc components of the pumped current are givefield. Moreover, some general properties of the pumped cur-
by rent in the system are revealed by E¢®.and (4). For ex-
ample, the pumped current vanishes as soon as one of the

d d o : e
J; :f _ef(e)Jll(E), J = —f —Gf(e)ng(e), (3) COﬂdItIOn_S_ET‘lHiOO, A$0 oo, anqwg_o, 0 is sapsfled.
2m 27 Combining all theG2 into an infinite-dimensional ma-

where f=1/(1+e") is the Fermi distribution function of trix, we obtain the corresponding Green’s functiGA® for
each lead(the Boltzmann constant is set to bg I is a  the QD in Floquet representation. It can be worked out easily
matrix representing the current carrying density of state, an##sing Dyson’s formula

it is expressed as

Gt)= [

[g(e+nw)] - 3"3e+nw), m=n,

J(e) = 2 [IHGHIRG R~ TGl 5GE,], (4) - 1
n (G = EDiag[V,—V], m=nz+1,
where TNS=I'NS(e+nw), G3=G"3(e+mw,e+nw) with 0 otherwise

G'3(€,€') being the Fourier transform @"(t,t’). TVS(e)
=i[3ys(e -2y (€] is the linewidth matrix of the normal/ (6)
superconducting lead in Nambu spaEg,<(e) is the retarded

self-energy matrix defined as Hereg(e)=Diad (e- €)%, (e+¢€)) 7] is the Green’s function

of the isolated QD without ac gate voltage. Oiagl repre-
1 -Ale sents the diagonal matrix. After the Green’s functions are
-Ale 1 | obtained, the pumped current is calculated numerically
straightforward. In the following, we will launch a discus-
i sion about our numerical result. At first we concentrate on
rN(E):—Eyl, (5 the zero-temperature case to clarify the mechanism of the
one-parameter pump effect in our system. Next, we analyze
wherel is the 2x 2 identity matrix,p(e)=€/\e?~A? is the  the temperature-induced enhancement effect based on the
dimensionless density of state of the superconductor,jand analysis method at zero temperature.
=273, Vi [28(e- Gk):2772q|Vq|25(6‘ €) is the linewidth Figure 1 is a sketch of the pump effect of our model at
functions related to both leads in the normal statesuming zero temperature fow>A and w<A. When the levels of
they are equal and energy indepenglefihe Andreev pro- the QD are oscillating, photon sidebands separated bp-
cess is not included in E@4) because the two leads have the pear beside them. Electrons can go from each lead into these
same Fermi energy. So only the PA quasiparticle tunnelingidebands in the QD, and it absorbs photons to jump into
contributes to the pumped current. other sidebands and finally get out of the QD. Because of
One can obtain some interesting features of the pumped]HeT:E:‘JHeT:—E for e,=+¢, we will limit our discussion
current from Eqgs.(3) and (4). If the two levels are spin in € <0.
degenerat¢i.e., €,=¢)), J; is equal toJ, and a pumped cur- The solid curves in Fig. 2 show versuse, in the case of
rent J.=J;+J,=2J; arises. But ife;=—¢, thenJ;=-J. So € =¢| at zero temperature. The features of these curves are
the pumped charge currefit=J;+J;=0 vanishes and a pure understood qualitatively via the concepts of photon-sideband
spin currentJs=J,;-J,=2J; arises. In both cases we have and PA processes. We consider the caseA at first [Fig.

S =- 'y;»(a){
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FIG. 3. Variation ofJ; with o in the case of;=¢|. The solid,
dashed, and dotted curves correspondTte0, T=0.2A,, and T
=0.55, respectively.A, is taken to be the unit of energy scale.
Other parameters ar@) €;=-1.3,V=0.5, andy=0.1 and(b) e,
=-0.4,V=0.5, andy=0.1.

FIG. 2. Variation ofJ; with ¢; in the case ok;=¢. The solid,
dashed, and dotted curves correspondTte0, T=0.4A,, and T
=0.55, respectively.A, is taken to be the unit of energy scale.
Other parameters ar@) »=1.3, V=0.5, andy=0.1 and(b) o
=0.7,V=0.5, andy=0.1.

near w=A+|e;| due to the one-PA path N zeroth— first

2(9)]. If —w<e<-A, the first sideband lies beyond the —S, and a weaker positive peak ner |e;| appears due to
Fermi energy and the zeroth one below the superconductinge two-PA path S-—first— first— N.
gap [see Fig. 1a)]. So electrons can enter the zeroth side- The dashed and dotted curves in Figs. 2 and 3 show the
band from the superconducting lead and get out from the firstariation ofJ; at T=0.2A,=0.35T; andT=0.55A,=0.96T in
sideband to the normal lead, which is a single-PA procesthe case ofe;=¢ (A, is the superconducting gap at zero
and has a positive contribution th. Therefore, the curve temperature and is the crictical temperature of the super-
experiences a positive maximum whenis within this in-  conductor; T,=0.57A,, according to the BCS theoryThe
terval. Because the zeroth sideband is near the edge of thwrresponding superconducting gaps are0.99\, and A
superconducting gap for the parameters selected in F. 2 =0.33\,, respectively, according to the BCS thedhit is
the leakage of electrons in the dot is very large, leading to @nteresting to note that the pumped current can not only be
suppression of the PA process to some extent. (b — suppressed but also be enhanced in some special intervals by
—-A) <€ <0, the first sideband lies above the superconductthe temperature increasing. This temperature-induced en-
ing gap and the zeroth one below the Fermi energy. In thilancement can be explained as following. When the tem-
case electrons are pumped from the normal lead to the syerature is nonzero but beloW, some electrongquasipar-
perconductor lead via the path -Nzeroth—first—S as ticles) in the normal(superconductinglead situated below
shown in Fig. 1b) (N, nth, and S denote the normal lead, the the Fermi energy are exited to above it and leave some holes
nth sideband of the leved;, and the superconducting lgad below the Fermi energy, but the quasiparticles in the super-
and a negative contribution t is obtained. Therefore, the conductor are less affected by the temperature than the elec-
curve has a negative maximum within this interval and thetrons in the normal lead due to the superconducting gap. The
peak is much greater than the former one. Next, we considdroles below the Fermi energy provide some room to accom-
the casew<A [Fig. 2b)]. In this case the one-PA pattve = modate electrons from the other lead. Therefore some new
call the electron tunneling through the QD with photons  PA paths are opened, which are closed at zero temperature.
assisted as th@-PA path for shoit is forbidden and the Figures 4a) and 4b) demostrate the one-PA paths opened by
pumped current is induced by multi-PA processes, the peakbe temperature increasing. Meanwhile, the electrons above
induced by which is smaller than that induced by the one-PAhe Fermi energy shrink the capacity of accommodating new
processes a¢/ w<1. The positive peak nea=-w and the  electrons from the other lead; then some PA paths are sup-
negative peak near;=—(2w—A) are caused by the two-PA pressed, which are already allowed at zero temperature. Fig-
paths S-—first—first—=N and N—zeroth—second-S, ures 4c) and 4d) show the one-PA paths weakened by the
respectively. Whene; =0 or €, —, the current vanishes, temperature increasing. On the other hand, the superconduct-
which verifies the conclusions drawn before. ing gap shrinks with the temperature increasing when the

The solid curves in Fig. 3 shod; versusw at zero tem-  temperature is close td.. Therefore, the peaks of the
perature. We attribute the peaks of these curves to the Ppumped current curves are displaggde position of some
processes as discussed above. In the case-of-A [Fig.  peaks isA dependentif T~T.. Whether the pumped current
3(a)] the curve has only one wide peak. Whei e[, the  is enhanced or suppressed induced by the temperature in-
one-PA path S-zeroth—first—N is open, but when creasing depends on the total effect of these PA paths and the
w>A+|e|, the opposite directional path-Nzeroth—first  displacement of the current peak. For example, we consider
—S is open. Therefore, a wide peak forms withinthe dashed curve in Figs(® and 3b), corresponding which
-e;<w<A-¢. The wide peak is not so high and the peaksT=0.24, and A=0.99, (the superconducting gap almost
of multi-PA processes are not so apparent compared to thogemains unchangedThe peak of the dashed curve in Fig.
in Fig. 3b) due to the large leakage mentioned before. One2(b) neare;=—(2w—A) is suppressed because of the open of
may notice that there is an unexpected “dark resonance” dhe one-PA path S--first—zeroth—N [see Fig. 4a)]
the right edge of the wide peak near2, which is due to whose direction is opposite to that of the path-teroth
the correlation between the two levels. For the case of-second-S, which results in the peak a=0. However,
—-A <€ <0 [Fig. 3b)] the strongest negative peak appearsthis new opened path enhances the peak agarw because
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(a) (b) path S— zeroth—first— N is enhanced due to the large den-
J sity of states near the gap edges of the superconductor.
- Therefore, a peak neat=-A appears. The dotted curve in
Fig. 3b) has only one positive peak near=|e;| on this
Ep = T &p S e curve because of the one-PA path—>8eroth—>first—>.l\ll.
— T o o The notch on the top of the peak is [ed by the_ competlFlon of
\_’QL \—’ _LgT this path and some multi-PA path with opposite direction. If
the temperature is more closeTg all peaks are diminished,
and the pumped current vanishes when the temperature ex-
9 ) ceedsT .. The features of curves with nonzero temperature in
“‘T A Figs. 2a) and 3a) can also be explained similarly, but we
@ | skip on to avoid the tediousness.
E | = |; — We have discussed the current curves in the case of
F A b F @ =€, only. The current curves in the casg=—¢, share most
T — features as those in the case-¢|. They differ quantitively
\ \—> N from each other because of the correlation between the two

levelse; and e) induced by the superconducting lead. There

FIG. 4. A sketch of the one-PA paths influenced by nonzero®'® few anomalies of the current curves, for example, the dip

temperature in the case ef<0. (a) and (b) show the opening of ~at @~2 of the solid curve in Fig. @, which cannot be
new one-PA paths, which are not allowedTat0. (c) and(d) show  €xplained if the correlation is ignored. We do not try to do so
the suppression of one-PA paths, which exist already=a. for it is not our aim in this paper. In the case of neitler

o o o =€, nore;=—¢|, we havelJ;| #|J;|. Therefore, there are both
of_the; coincidence of the dlrectlc_)ns of it with that of_ 'ghe path charge and spin currents through the QD. One can discuss
bringing on the peak af=0. This path also magnifies the the features of the current curves similar to the above.
pumped current in; <-w. The negative peak neas=A Typically, the superconducting gap at zero temperature is
+|€;| of the dashed curve in Fig (13 decreases because of of the order of 10% eV. In our model the corresponding
the diminishment of the PA path N zeroth—first—S[see 5 mp frequency and ac voltage induced by it are of the order
Fig. 4(0)]. The positive peak neas=A~|e/| is enhanced by ot 1010 7 and 104 v, respectively, which are reachable ex-
the open of the one-PA path-Sfirst— zeroth—N [see Fig.  perimentally. The pumped current is of the order of'2@\.

4@]. This path also magnifies the pumped current asrpe amount of current such as this is experimentally detect-
w<A-|e|. When the temperature increases clos&dahe  gpje

superconducting gap shrinks markedly and the shape of the |, summary, we have proposed a device to generate both
current curves is changed distinctly. For instance, we congharge and spin pump currents, the amount and direction of
sider the dotted line in Fig.(B), corresponding whichl  \hich are controlled by a dc gate voltage and a magnetic
=0.58¢ andA=0.331,. Assuming the leve¢; moves from  fig|q. The temperature increasing enhances the pumped cur-

- to the Fermi level, where; approaches t&=-w the  yont in certain parameter intervals and decreases it in other
pumped current increases because of the opening of the Pﬁarameter intervals.

path S— zeroth— first— N. When the level moves on and if

it near ,=—(w—-A4A), J; decreases because an opposite PA This work was supported by the National Natural Science
path N— zeroth—first—S is open. Whene,; passes the Foundation of China and the special funds for Major State
lower edge of the superconducting gap, ¢Be~ N)-oriented  Basic Research Project No. G2001CB309500 of China.
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