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The quantum transport in mesoscopic structure: [ I | Transport spectroscopic in a
time-modulated open quantum-dot; [ II | Spin current generation and detection in the
presence of an ac gate; [ III | Finger-gate array quantum pumps: pumping characteristics
and mechanisms; [ IV | Dc spin current generation in a Rashba-type quantum channel;
[ V |Effect of an oscillating potential on the persistent current transition in a mesoscopic
ring coupled to an electron reservoir; [ VI | Fano resonance transport through a mesoscopic
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Abstract:

We study the quantum transport in mesoscopic structure: [I] Transport spectroscopic in a
time-modulated open quantum-dot; [II] Spin current generation and detection in the presence of
an ac gate; [III] Finger-gate array quantum pumps: pumping characteristics and mechanisms; [[V]
Dc spin current generation in a Rashba-type quantum channel; [V] Effect of an oscillating
potential on the persistent current transition in a mesoscopic ring coupled to an electron reservoir;
[VI] Fano resonance transport through a mesoscopic two-lead ring.

[1] Transport spectroscopic in a time-modulated open quantum-dot:

We have investigated the time-modulated coherent quantum transport phenomenon in a ballistic
open quantum dot. Conductance G and the electron dwell time in the dots are calculated by a
time-dependent modematching method. Under high-frequency modulation, the traveling electrons
are found to exhibit three types of resonant scatterings. They are intersideband scatterings into
quasibound states in the dots, into true bound states in the dots, and into quasibound states in the
just beneath the subband threshold in the leads. Dip structures or fano structures in G are their
signatures. Our results show structures due to 2% intersideband processes. At the above
scttering resonances, we have estimated, according to our dwell time calculation, the number of
round-trip scatterings which the traversing electrons undertake between two dot openings.

[II] Spin current generation and detection in the presence of an ac gate

We predict that in a narrow gap III-V semiconductor quantum well or quantum wire, an
observable electron spin current can be generated with a time-dependent gate to modify the
Rashba spin-orbit coupling constant. Methods to rectify the so generated ac current are discussed.
An all-electric method spin-current detection is suggested, which measures the voltage on the
gate in the vicinity of a two-dimensional electron gas carrying a time-dependent spin current.

Both the generation and detection do not involve any optical or magnetic mediator.

[IIT] Finger-gate array quantum pumps: pumping characteristics and mechanisms

We study the pumping effects, in both the adiabatic and nonadiabatic regimes, of a pair of finite
finger-gate array (FGA) on a narrow channel. Connection between the pumping characteristics
and associated mechanisms is established. The pumping potential is generated by ac biasing the
FGA pair. For a single pair (N=1) of finger gates (FG’s), the pumping mechanism is due to the
coherent inelastic scattering of the traversing electron to its subband threshold. For a pair of FGA
with pair number N>2, the dominant pumping mechanism becomes that of the time-dependent
Bragg reflection. The contribution of time-dependent Bragg reflection to the pumping is enabled
by breaking the symmetry in the electron transmission when the pumping potential is of a
predominant propagating type. This propagating wave condition can be achieved both by an
appropriate choice of the FGA pair configuration and by the monitoring of a phase difference ¢
between the ac biases in the FGA pair. The robustness of such a pumping mechanism is

demonstrated by considering a FGA pair with only pair number N=4.

[IV] Dc spin current generation in a Rashba-type quantum channel
We propose and demonstrate theoretically that resonant inelastic scattering (RIS) can play an

important role in dc spin current generation. The RIS makes it possible to generate dc spin



current via a simple gate configuration: a single finger-gate that locates atop and orients
transversely to a quantum channel in the presence of Rashba spin-orbit interaction. The ac biased
finger-gate gives rise to a time-variation in the Rashba coupling parameter, which causes
spin-resolved RIS, and subsequently contributes to the dc spin current. The spin current depends
on both the static and dynamic parts in the Rashba coupling parameter, @, and a,, respectively,

and is proportional to a,a; . The proposed gate configuration has the added advantage that no dc

charge current is generated. Our study also shows that the spin current can be enhanced

significantly in a double finger-gates configuration.

[V] Effect of an oscillating potential on the persistent current transition in a mesoscopic ring
coupled to an electron reservoir

We have investigated the effect of an oscillating potential on the time-averaged persistent current
in a mesoscopic ring coupled to an electron reservoir. The ring is not only threaded by a magnetic
flux but also partially coherent such that the conduction electrons in the ring will come across
inelastic scattering due to the oscillating potential. A S-matrix model which is proposed by M.
Biittiker for incoherence scattering has been adopted in our situation. This model allows us to
study how the oscillating potential affects the persistent current when the ring contains fixed
number of electrons. A grand canonical ensemble approach is presented to settle the number of
electrons. Our results demonstrate that when the oscillating frequency of the barrier is close to or
faster than that of the traversing electrons, the persistent current lead to multi-peak transition.
Moreover, not only will one electron on the highest level in the ring lead to the persistent current
transition but the electrons below the highest level will as long as they satisfy the resonance
condition. On the contrary, only one persistent current resonance peak occurs and the electrons

occupied on the highest level will invoke transition. A physical interpretation is presented.

[VI] Fano resonance transport through a mesoscopic two-lead ring

The low-energy and ballistic transport through a 1-dimensional two-lead ring at zero magnetic
field is studied. We find Fano resonance even in the absence of well-defined quasibound states,
and its appearance depends sensitively on the commensurability of the system parameters. Our
study have focused on the case of the potential in the ring defines open but not closed cavities,
and it is found that Fano resonance may appear at energies correspond to the standing wave states
in the ring, but commensurate system parameters can shrink the widths of the resonance at some
energies to infinitesimally small. These findings suggest that the conventional picture of the Fano
resonance as an effect due to the interference between the paths through resonant states and
non-resonant continuum of states might not account for all the Fano-type lines seen in the
transport measurements. Moreover, the resonance may find application in the fabrication of

electrical nano-devices since it is sensitive to the system parameters and hence tunable.

Keywords:
Quantum transport, quasi-bound state, time-dependent inelastic scattering, quantum channel, spin
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Motivations and goals

[I] Transport spectroscopic in a time-modulated open quantum-dot:

In the past decade, the quantum transport phenomenon in open quantum dots has received much
attention.[1-11] The open quantum dot, consisting of a submicron sized cavity connecting via
point contact leads to two end-electrodes, has become an important device for the investigation
of phasecoherent processes and their various mechanisms. The size of the dot and the width
of the leads can be controlled by split gates. In high electron mobility samples, and at sufficient
low temperatures, the phase-coherent length may well exceed the dimension of the device,
allowing electrons to remain coherent while traversing the dot.

[II] Spin current generation and detection in the presence of an ac gate:

One key issue in spintronics based on semiconductor is the efficient control of the spin degrees of
freedom. Datta and Das [12] suggested the use of gate voltage to control the strength of Rashba
spin-orbit interaction (SOI) [13] which is strong in narrow gap semiconductor heterostructures. In
InAs-based quantum wells a variation of 50% of the SOI coupling constant was observed
experimentally. [14,15] Consequently, much interest has been attracted to the realization of
spin-polarized transistors and other devices based on using electric gate to control the
spin-dependent transport [16]. In addition to using a static gate to control the SOI strength and so
control the stationary spin transport, new physical phenomena can be observed in time-
dependent spin transport under the influence of a fast varying gate voltage. Along this line, in this
article we will consider a mechanism of ac spin current generation using time-dependent gate.
This mechanism employs a simple fact that time variation of Rashba SOI creates a force which
acts on opposite spin electrons in opposite directions. Inversely, when a gate is coupled to a
nearby electron gas, the spin current in this electron gas also induces a variation of the gate
voltage, and hence affects the electric current in the gate circuit. We will use a simple model to
clarify the principle of such a new detection mechanism without any optical or magnetic mediator.
The systems to be studied will be 1D electron gas in a semiconductor quantum wire (QWR) and
2D electron gas in a semiconductor quantum well (QW).

[III] Finger-gate array quantum pumps: pumping characteristics and mechanisms

Quantum charge pumping (QCP) has become an active field in recent years.[17-37] This is
concerned with the generation of net transport of charges across an unbiased mesoscopic
structure by cyclic deformation of two structure parameters. Original proposal of QCP, in the
adiabatic regime, was due to Thouless [17,18] and Niu. [18] They considered the current
generated by a slowly varying traveling wave in an isolated one-dimensional system. The number
of electrons transported per period was found to be quantized if the Fermi energy lies in a gap of
the spectrum of the instantaneous Hamiltonian. Aiming at this quantized pumped charge nature of
the adiabatic pumping, Niu proposed various one-dimensional periodic potentials for the
adiabatic quantum pumping (AQP), [18] and pointed out the importance of the quantized charge
pumping in utilizing it for a direct-currentstandard. [ 18]

[IV] Dc spin current generation in a Rashba-type quantum channel

Spintronics is important in both application and fundamental arenas [38, 39]. A recent key issue
of great interest is the generation of dc spin current (SC) without charge current. Various dc SC

generation schemes have been proposed, involving static magnetic field [40, 41], ferromagnetic



material [42], or ac magnetic field [43]. More recently, Rashba-type spin-orbit interaction in
2DEG [44, 45] has inspired attractive proposals for nonmagnetic dc SC generation [46-48]. Of
these recent proposals, including a time-modulated quantum dot with a static spin-orbit coupling
[46], and time-modulations of a barrier and the spin-orbit coupling parameter in two spatially
separated regions [47], the working principle is basically adiabatic quantum pumping. Hence
simultaneous generation of both dc spin and charge current is the norm. The condition of zero dc
charge current, however, is met only for some judicious choices for the values of the system
parameters.

[V] Effect of an oscillating potential on the persistent current transition in a mesoscopic
ring coupled to an electron reservoir

Persistent current in the mesoscopic conducting ring which is threaded by a the magnetic flux has
invoked a great number of interests in quantum transport. Since the implementation in
experimental apparatus could be enforced. [49]Additionally, the mesoscopic systems due to a
periodic in time modulation are now of considerable interest. It has been pointed out [50] hat
when particles carrying energy E incident through a time-

dependent barrier, which is in the form of V (X; t) = Vp(X) + V1 (X; 1), it will emit or absorb

modulation quanta because of interacting with the perturbation V (X) cos(at). The perturbation

of the form V (X; t) has a width of d. The comparison between the traversal time of the particle
interacting with the barrier and the period of the oscillating potential has two main physical
features. One of the features is that if the oscillating frequency is low when compared with the
traversal time of particles, then the particle will see an effective static barrier during its travel.
However, it is different for the other feature when the barrier is at high frequency. In this
situation, the particle will see several cycles of oscillation. This paper explores traversal time of
the particles going through the oscillating barrier with width d.

[VI] Fano resonance transport through a mesoscopic two-lead ring

The conventional Fano resonance is an effect due to the interference between resonant and
non-resonant processes. It was first proposed in atomic physics [51], and the effect was then
observed in a wide variety of spectroscopy such as the atomic photoionization [52], optical
absorption [53], Raman scattering [54], and neutron scattering [55]. As recent progress in the
technology of fabrication of electrical nano-devices has achieved devices with the size of the
order of the inelastic length scales of the conduction electrons, where within the electronic
transport is ballistic, the Fano resonance is also seen in condensed matter systems. For instance, it
is seen in the Scanning Tunneling Spectroscopy of a surface impurity atom [56,57], transport
through a quantum dot (QD) [58-63] or carbon nanotube [64]. Moreover, it is proposed that the

resonance can be used in the probe of phase coherence [65,66] and design of spin filters [67].



Results and discussion:

We have studied: [I] Transport spectroscopic in a time-modulated open quantum-dot [68].
(Appendix A).

[II] Spin current generation and detection in the presence of an ac gate [69]. (Appendix B).

[III] Finger-gate array quantum pumps: pumping characteristics and mechanisms [70]
(Appendix C).

[IV] D¢ spin current generation in a Rashba-type quantum channel [71] (Appendix D).

[V] Effect of an oscillating potential on the persistent current transition in a mesoscopic
ring coupled to an electron reservoir

We have investigated an interesting phenomenon about the difference between the incoherence
time of the electrons in the ring and the oscillating time of the barrier exhibited in a
partially-coherent ring. the system configuration is shown in Fig. 1. The qualitative difference has
been demonstrated. When incoherence time of the electrons in the ring is dominated, the
characteristic of the number current as a function of flux present a single peak figure. This result
is shown in Fig. 2. For the case that when the oscillating frequency of the barrier is close to or
faster than that of the traversing electrons, however, multi peak persistent current transition
appears in Fig. 3. In the former situation only the electron on the highest levels is induced.
However, for the latter situation total electrons on the highest levels are excited to appropriate
energy levels. This physical mechanism is studied in detail and the coherence nature of the ring is
elucidated in this paper. This particular feature allows us to have a deeper understanding on the

topic of quantum transport in a mesoscopic ring.
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[VI] Fano resonance transport through a mesoscopic two-lead ring.

a. Unequal armlengths:

The system structure is shown in Fig. 4. Figure 5 presents the transmission probability for the
case of almost equal armlengths. It is seen that at equal armlengths, though the transmission
probability varies with the wavenumber, only perfect transmission is possible and the reection is
never perfect. But at unequal armlengths, perfect reection is also seen to occur. Those dips in the
transmission probability can be very sharp. At the limit L1 = L2, those dips vanish by becoming
infinitely sharp but not by recovering the transmission from zero. The spectrum does not
progressively turn complicated as L2=L1 is detuned from 1. It becomes relatively neat when
L2=L1 is a simple rational or commensurate number, where some of the resonant dips collapse.
In Fig. 6 we also have plotted out the transmission probability for the case of L2 = 0. The L2 =0
case is equivalent to a ring touching a wire tangentially, and the transmission is always perfect
when there is a SWR (standing wave resonance) in the side-coupled ring, as that is always

simultaneously at a perfectly constructive 2PI (two-path interference), like in the L1 = L2 case.
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2 and 3). While the arrows denote the shown versus the dimensionless wave
increasing direction of the coordinates, the number kLi/2m for clean channels, but
right Y-junction is defined at x; =x, =x3=0, and different armlength ratios Li/ L,=(a) 1,
the left Y-junction is at xo=0, x;=L;, and x,=L,. (b) 0.9, and (c) 0.8.
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Fig. 6: The transmission probability T is Fig. 7: The transmission probability T is
shown versus the dimensionless wave shown versus the dimensionless wave
number kL;/2n for clean channels, but number kL;2n for L;= L, and a point
different armlength ratios L,/ L,=(a) 0.05, impurity at X;/ L;=0.3 with strength v,=(a)
(b) 0.02, and (¢) 0. 0.2, (b) 0.8, and (c) 10 (cut-off limit).

B. Single impurity:

Figure 7 shows how the asymmetric Fano-type resonance arises as the strength of the impurity on
arm 1 grows. We have chosen L1 = L2 and X1/L1 =0.3 in Fig. 7.

Such a peakdip line shape resonance is in contrast with the mere dip resonance in the without
impurity case in part a., but both of them are seen to develop from zero widths. However small
the width of the Fano resonance, it is seen that the peaks always reach one and the dips always
reach zero. In Fig. 8 we have shown the transmission probability for the case of the impurity is
located near a commensurate location in the ring.

A special commensurate location for the impurity is X1 = 0, i.e., the impurity is right at one of
the Y-junctions. Fig. 9 shows the rise of the Fano resonance as the impurity is shifted away from
a Y-junction. We have chosen L1 = L2 in Fig. 9. There is no Fano resonance at X1 = 0 since the

2PI process is not disturbed and every SWR occurs at a perfectly constructive 2PI.

¢. Double impurity:

Figure 10 shows the transmission probability for symmetric and asymmetric potentials on the
arms. For two symmetric point impurities on the arms, i.e., X1 = X2 and impurity-strength vl =
v2 with L1 = L2, only broad peaks due to the SWR in the ring cavity are seen. But when the
potentials on the arms are asymmetric, i.e., either one of X1#£X2, vl#v2, or both equalities are
violated , the Fano resonance appears and grows from infinitesimally small width. The perfect or
almost-perfect transmission peaks in the Fano resonance are rather surprising since the two leads
are separated by the o-potentials on both arms, and usually one would not expect a perfect
transmission at any finite energy, except when there exists intermediate quasibound states such

that the Breit-Wigner (BW) resonant tunneling can take place.
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Fig. 8: The transmission probability T is Fig. 9: The transmission probability T is
shown versus the dimensionless wave shown versus the dimensionless wave
number kL;/2n for L;= L, and a point number kL,;/2n for L= L, and a point
impurity at v;=0.2 with strength X,/ L;=(a) impurity at v;=2 with strength v;=2 at
0.32, (b) 1/3, and (c) 0.35. The Fano Xi/Li=(a) 0, (b) 0.02, and (c) 0.05. Fano

resonance lines at kL;/2n = 1.5 and 3 are resonance lines appear and are seen to grow
seen to collapse at the limit X;/L;=1/3 by from zero widths when the impurity is
shrinking their widths. shifted away from the symmetry point X;=0.
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Self-evaluation of project results:

In this project, we have study the quantum transport and spin-dependent transport by applying a
time-dependent modulation field. We also discuss the electron in the open dots formed of a
quasibound state or true bound state related to its dewell time [68]. The pumping characteristics
and mechanisms have been study in adiabatic and nonadiabatic regime [70]. The dephasing
phenomena is also investigated in a quantum ring [73]. The spin current generation and detection
have been proposed in our paper [69,71]. The new observation of the Fano-structure mechanism
is related to standing wave resonance and two-path interference are discussed [73]. Part of these
results have been presented in the 2004 annual meeting of the Physical Society of the Republic of
China [72]. In all, three papers have been published in Physical Review B [68-70], one paper has
been submitted to Physical Review Letters[71], and two papers that are related to quantum ring

are in preparation [73].
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that foumnd m fume-modulated weakly couplsd dots. 1765 as-
sociated willy the nhgmment of the mepdent electron enerey
with that of the sc sidebands of the QBSS made the open
dot. The sevond type 15 assoriated wath fhe coberent mzlashe
seaftermg of the raversmg elsciron il the inee boumd sinfe
m the open dot—bound staie whose energy 15 lower tham the
threshiold enerpy of the leads. The third type of resonancs
stnichures 15 most unexpectsd. Tt 15 assocnied wath the co-
berent melsshic seattering of the raversing electron o the
QBS i ik kead—wath epergy st bensath the threshold en-
ergv of the [#ad. Also, from the dwell tane vy, we estimats
the mumber of scattennps that occur m the dot as ihe reso-
pance structures establish themselves In all, owr results dem.
onsirate the potential of establishing quanhan transport as a
probe for the QBSs and toe bound states in
the open dot—and posably in other masoicops: Strchirs—
thirough the coupling of a time-modulsted field to the system
In Sec. 11 we present our thearetcal method for the cal-
culaticn of & and =y The memerscal resules are presanted
nitd descisssed 10 Sec. I Fmally, m Sec. IV, we present our
coachmssons

IL MODEL AXD METHOD

Tl system under investigaton 15 sketched (fop view) i
Fig I, where the shaded area denotes the remon acted upon
by a tme-modulated The dot we consider has
physical parameters pecal 1o that o ligh mobality two-
dimensional electron gas. formed m an AMGaAs-Gads het-
erostructure. As sach, mobidity o, 10° cnr’/V's, neean free
paih 11 pm st sufficent low emperantres, and dots with
sybmascron dod sizes would be m the ballistic repume. The
Hamsltowian s given by

FHYERICAL REVIEW B 67, M5324 {1003)

_ﬁ;' .-": I;.: 1 )
He——|—+ F + FAxy )+ Fix,r, i1
i

where Fir v} & the confmement potential chosen io be of
hard-wall type, that define he dot and the [2ads 1t 15 gven
by ¥.=0af [y|=< W2 and jr{>L/2; F.=0f |v|< Fy2 and
[x|=L2; amd F,== 1f othernise. Here IF| ¥ are, respec-
tvely, widths of the lead apd the dot. The tone-modulatsd
potenfial

Fix, ri=Fyeos ot VB L2— x|}

acts ondy upoen the dot
For the sake of comvemence the physical quantiies 1hat

appear m the following are dimensionisss: wath
energy it E*w E-= b2k, wave vector auat b =kp

length unst a® = 1kz, ume umt #*=h/Ep and frequency
st e = 17" The scattenng wave functhion for an electron

incadent wpoa the dot froma the 'th chazmed i the left lead 5
of the form

gilxy )=y ly et N N (g
&
woexgl —ikylim” k=g +m ]
if x<=L12,
dlxyth= X -:h.-[.'l'lf def Ayl gpe'Frian
*I

+.qu| ElE i Lale ]

;.l'
#r:q:‘—r:r—r-;u-nnwr i xl<l2, @)

gy =

:‘l-_.d

Kol Wtgapl " Dexpl ik " 1
-ﬂ

—ilptm' )] Fr>L,

where the subscnpts n° and &' are the subband mdices in,
respectively, ihe leads and the dot, and m' 15 the sideband
mdex. In addinon, kfm')=[p+m' w—{le/ W " and
B lm™ )= m = (' =/ W)° "2 denote, respectively,
the wave vectors 1o fhe Jead and the dot The normaled
transverse subband states are yy(y)= (20, ) Jsanf iy B
+12)] and (1) =(2/W3) s w(y/ Wy + 12)]

The matclung of the wave functions at ihe openmgs of the
det, snd af all nmes, requeres the coefficients m the dot to
hve the foem

.'ﬂrrlsimz Fodm 'l e—p—m'w),

where Pyl e) refers to exther Ay l€) or Bl €). Performing
the matchng and afier some alpebra we cbtam
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and

f L)
.‘!Hl'm :|EI|]'| J.ﬂp[ |'|'|'] ;|

; -I]'.tllﬂ.ll:l'ﬂ'l

i L
- B*.ﬂ_m]u:p-l. =B r|'|'|3|

b
2l

(e gim’ rz:p| ik m* |§|

(6}

where Eqs. (5) and (6] are obtamed from matching the de-
nvatives of the wave fimetions. The overlapping mizgral ay;
of the transverse subband states 15 mven by

w0
an= J' © X)eydy m
2

I Jlﬁd}'l:li'fl J-.r||3:|u=J-

-1 §
ﬂ"IE E |J‘,l,d|'ﬂ' ||;¢1”|I':-r:u..
= -
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and the identity exp(iz s si)=Zpf(exp(ipur) has been in-
voked. We have solved Egs. (3)=08) for the coefficients
Aglmdy, Bl rppimi') and ry '), Fusthermore, we
ot that the sole appearmnce of Fp in Eqs (3)-(6) 15 i the
form ¥y /w and as an argument of the Bessel fimrtons J, .
This shows a general trend that the effscr of the me-
modulated potential decreases with the rmmg of the fre-

QUENCY o,
In the kow drmn-soures ias regme, the de conductance is
gaven by

22 ¥
F= ry I. {Eh

where N denntes the mumber of propagatmg channel in the
beadds. The current tramsmassion coelfcsent T, for an elsctron
mrident from the [th chanrel 1 the lead 15

kodm') )
T=Y ¥ _i'-,-flll |t i1 9

=

The current reflection eoefficient B, has a amilsr form and
the current comservabion coidition Ti+8=1 5 used fo
check on our mamencal accuracy.

The statsonary dwell time withan coe-dimensional system
was well defined * However, in a multichanne] system, such
a5 open guantum dots, we should consider not anly the prob-
abality of findimg the particle m the dot, bat also that doe to
evapescent states m the vicinaty of the dot. Henee, we define
the dwell tme a5

f f {| ¥z .01 g drdy
"

= 110k

J Y fime

where [ depotes the meident electron fux. The subscnpt
ta denoles time average Here we node that the integral in
the memerntor and 185 regan of mberest 4" melude not caly
the region inside the quantum dot (region IO}, bat also the
evanescent modes on both the left-hand side (repon Ih and
the nght-hand side (regon OT) of the dod. Hence, the time-
averaged probabslity densiry m the sumerator of Eq. (10) can
be separated mio three mbegrals, expressed explerthy as

(11

1 o
J- Ld:ﬂff{lﬁx:f.nl]}u- “nf:l::-"'_ :"'_ [Adglm" 1AL dm texpl i(B(m" ) — Bim' | Jx]
- h.l “ﬂ

+ Byl B m e Bt 1= BL 0T apl e 1B, e e By

1123
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and

PHYSICAL REVIEW B 47, 205324 {2003)

J. [r:u.dra'}{lﬁx.}'.ﬂlzilr_;:Lidrz X [reedm 1] expl = 2ucy " ix], (13}
“ = n m'

where the indices 7' and m' in the summation for regioas
I and I inchude only the evanescent waves, and w,(m)
=—ik,(m). Substitatimg Eqs. {11)~(13) mto Eq. (10), we
obtain the average dwell time of electroms m the open quan-
fum dot system.

M. RESTLTS AND DISCUSSTON

Iin thas section, we present our sumerical sxamples for
explonng the tme-modulaied effects on the quanfum trans-
poet in open quastuny dots—the conductance and the dwell
tume versus the meident electron enerpy . I the following,
we choose epengy vt E* =% meV, length umf a*=3 nm.
unst of angular frequency w* =136 Trad's, and the effec-
tive mass = 00670, where i, 15 the free electron mass
of an electron. The are chosen soch
that the widdh ¥} = 10{=80 mm) for the Jeads, and the width
W= 10 160 nm) and the leagth L=30{=240 nm) for the
open quanfum dat, whech 1s typical for coment experimental
fabrication. It 15 comverdent o define 7= /e, where &
={ o/ Wy} is the first transverse subband level in the leads.
Then the miepral values of X" stand for the mumber of occu-
pied subbands m the leads,

Iy the absence of time modulation, the quantum states of
the open quantim dof associate closely with the bound stases
of the corresponding closed dot with the same geometry. For
& chosed dot wath L and wadth WP, the bound-state
energy Ep, =00, ®/ LY+ (n,m W) is labeled by o parr of
quantum mumber (1, 1) Tl:lmmmlg.rnl:!‘mnﬂ:lrm]rd
bound-state levels E(n, n, )=E,, lep=ny8+n4 made

1.0
= (L8
= gl /
o 04
=02
0.0 ()] & ae o B
1.0%
= LB
£
" 1184
o4
o 02
IZ'.IJ- a & & i*:l fi Y ':d:l
10 15 20 L5 30 35 4010 1.5 20 2.5 30 35 4D
WE We

1 L

FIG. 1. Energy dependence of toe quannim dor ooaductimee &
m the lowest subbaed as a finction of ncidess electron enesgy o,
m =ty of £, for cases of (a) no extermal modulation, (bi=id)
modulabon amgphhude ¥y= 0.1y, wnith angular feqeences (b) w
-"'.'I.!I:-l. 4] |].3|-.'|. and i} |].5:|.

the closad dat. For an open dot, ihe enerpy specinem consists
of bath free bound states and QBS s comesponchng either 1o
electrons with energy e less than or higher than the thresh-
old energy £y m the lead As such, there are only tvoe pos-
uble tree bound states i the open dott Egy=E(1.1)
=0361 and Egy=E(21)=0.684.

In Fig. 2, the condoctance charactenstic 15 shadied a5 a
functon of mewdent electron energy: (ah m the absence of
time maodulation, as a comparative reference and (b)-{d} in
the presence of tme modulation with anpular frequencies
or'ey= 0.1, 0.3, and 0.5, respectrvely, which also cormespand
to freguencies = w2w=<21.4, 4.2, and 107 GHz Thas fre-
qguency range 1s typecal for current ¥ In adds-
ow, the modulabon smplnade 15 chosen to be Fy=01g,
[ o= .00 meV). There are three dip stroctures common to all
four plots. These dip struchmes oooar At energies ey
=1 315-1{E‘i;.|]. 16T Egn), and 3 208(Egs). These are as-
sociated with the alignment of the meident electron energy
with that of the QBS levels mside the open dot, a5 15 inds-
cated by the open tnangle symbols locatmg the closed dot
EN3y=2361, E(23=2604, and E(33=23250, The
corresponding dwell tme of these QBSs anme rspectively,
Fe=T35, 267, amd 690 ps, & shown m Fig. 3(a). Thess
dwell ime peak stractures confirm the resonant nahare of the
states mside the dot

Another mieresting feahare i Fig. 2(b} are the side-dip
structures around the QBS's E, . winch are associated with
electrons at mewdent energy @ that are able fo make
i-photon intersadeband transitons nfo the ith QBS bevel
The condibion 15

20 ) &)
T
—-
é‘lﬂ.’r
=
A |
0 " é"i“‘ll_x
2 o i)
150
o
é‘l!ﬂ-
we S l | I
5 ;
Y O - .ﬁ.ﬁ.é
10 15 20 25 30 35 4010 15 20 25 310 35 40D
We, W,

FIG 3. The dwell ime 7 of the traversmg slectron w plotted &=
a bmcton af the modent electon emergy oo wmis of £, The
parameters are the same a4 1 Fags 202)-2(d).
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,|:.|.+?:'J.I'|-:n-—.EE|I (14}

where the positive m and negatrve m mdicate, respectrvely,
the absorphion and epmsseon of m photons. Hepee me=—1
sice dips are at pley=2465 2700 3309 m=4+1 side
chips are of /e =2.165, 2574, 3110, and =+ 2 side dips
are af o= 2266 3008 The m=—2 process in the vicin
ity of the Egy stafe 15 barely idenified and 15 at /e,
=341l

Two additiocs] tvpes of infersadebend transition mecha-
msms are found 1o the low-enengy regume m Fig. 2. As 1s
shown m Fig. 2(d), where the frequency w=105¢; 15 high
epough, the electrons with p/e;= 1087 may endt o and
make transboms mie Egy—the troe bound state m the dot.
The electron dwell hme of this structure 15 r;=216.6 ps, see
Fig 3(d} In addition, elsctrons may also I?1I:'||[ peotons o
make transibons mbo a QBS formed at eneroy pust beneath a
subbard threshodd m the lead Thas mechansm o sdentified
to be the fano stochares at g/e= 1028, 1233, and 1 435,
a5 shown m Figs 2(bj-24d), respectrvely, where (u
=wley 15 close 1 from below Cormespondingly, the
dwell tmies of these sructures are ry=230, 1255 md
200.2 ps, see Fugs. 3(bp-3{d). More precisely, these stnc-
fures correspond to electrons that emal fiw 1o e =093
and are trapped temporznly to form QBS% m the lead.

To provide fisther svidence for the above two ransibon
mechamsmes, we plot, m Fig_ 4, the spatial dependence of the
time-averaged probabdlity density. The parameters are cho
sen 10 be the same as in Fig. 2(d}. When the electron meident
af epergy po= 1.0854ey, a5 shown m Fig 44a), we see that
fhe tome-averaged elsctron probabihity concentrates enhirely
within the dof and is like a (2,1) stafe. Thas supposts the fact
that the electron is trapped in a toe bound state in the dat
Second, when the eleciron wadent af energy j = 1.43532,
the electron probatalaty has lomg exponential tals extendung
mee the leads The edges of the dot are at x=2 15 Ths
demomstrates that the electron has made an imtersideband
transition, by ematting one photon, into a GBS in the lead
whose energy 15 just below the threshold energy. We have
also checked that a singlar process can be found even i oa
fume-mosfulated one-dumensional quantam well commecting
i leads, A traversing electron can nake tersideband tras-
'El.ll.l:l]ﬁ to QBS's i the leads or bo true bound stabes m the
well

To better appreciate the meanmg of the dwell tme, we
define the mumber of round-inp scattenees. N, underiaken
by the traversing electrom. It i the mtio of the dwell time -,
io the balkistic e ry the electron lakss 1o go between the
two dot-opensngs. The ballsstic tume for electrons traversing
theough the quantuen dot is smply ry~Lie, , where v, de-
notes the electron velocuty and 15 mven by o=k, 'm. We
consider the alectron meident m the lowest subband and then
the electron ballishe time is given by ny=L/{u—e;)"" in
umts of /*. Hence, 1n Fig. 3(d), the mam peaks ol o'ey
= 1.0B3, 1435, 2343 Eﬁ'l‘:- and 3210 corespand to the
ballishe times ry=24.0, 161, 601, 543, and 472 ps, re-
spectively. The comespondmg #,'s are, respectively, 216.6,
2002 718 21L& and &7 9 Therefore, we obtain the wum-
ber of rousd-tnp scaienngs, Ne=ry/lr-45 62 60,

FHYSICAL REVIEW B 67, 205324 (2003)

FIG. 4 dealor online) The spanal dependence of the tmne-
averaged electron probatabity density: 120 p=1.0854r; and (bl u
=] 4353 ;. Other parameters are the same as m Fig. Z{di. The
edges of the dot are at L= %15

2.0, and 7.2, respectively. In light of the above analysis, we
can see that two round-np times are already sufficient to
form a segnaficant QYB3 level mside the open dot. The esti
wtam for rp coiild be improved by considermg the effective
electran veloeity m the dof, rather than in the lead. Bul we
expect N to reman of the same order of magninade
shown here. Moreower, the N, obtmned here 15 the lower
bound to any such improved estimation.

It is known™ that the strength of the time-modulated po-
teptial depends on the ratio of My to w. As & result, for a
piven amplibode Fy, the sdeband dip features are suppressed
wiitl increase in the modulation frequency w. Ths o5 ilhs-
trated i Figs. 2ic) and 2id). On the other hand, if we fix
Fp/w=1 m Fig. 5, and choose the modulahon amplibode to
be Fplep=005 01, and 0.2 for Figs, Sal-5c), respec-
frvely, we can see fhe side dips due fo 2h o miersideband
processes 1o all the figures. This assures us that Fp/w 15 2
impartast index for photon absorplion and emission pro-
cesses. Furthermore, the QBS levels that assoceate with a
fewer mupber of rousd-trip scatterings may be merged with
its nearby sidebands, formang a broadened dip structure: such
& the wide-dip structure at w/e=21672 m Fig_ 5ia). In the

053245
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0 a a o fehl]
10 1% 2O 28 18 A8 4D
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FIG 5, Conductance 15 plotted as 2 foncton of electron snergy
p'ﬁ:nr:.:ﬁ.;qnﬂ Fglm=10 The vales of Fy log &) are (a) 0.05e,,
(1] ﬂ.h:-l. ad ic| {Ill:-l._ respectvely.

low-etengy fegime, agam, electrons are able to underiake
ooe-phaton (or two-phodon) emussion. processes mio a sub-
band threshold io the lead. Thes one-{or two- fphoton mechs.
mism 15 demonstrated by small dip strochares 1 3 at uile
=1024 (or 1.128) m Fig. 5(b) and /&)= 1118 for 1.317)
inn Fig. 5(c)

FHYSICAL REVIEW B 67, 305324 {2003)

To conclude thus sechion, we note m passing that despuie
af wide dot openmgs, elsctrons maversmg through the dot
are shil effectrvely mediated by st a few bound states of the
cormespoiding closed dot structire. Our resulis show that the
conductance spectra for & bime-modulated open dof show
meore imtersideband stroctarss than these assocested with the
bound states of the close dot. We believe fhat
thess mechanasens should find ther way of mamfeshnom m
the tme-modulated phenomena of other nanostnachines.

IV, CONCLUSHONS

Iy thas woek we bave extended the ime-dependent mode
matclung approach to the stody of quantum transpoen m open
quarham diot systems. We have calculsted the conductance,
the dwell ftime, and the spatial distnbution of the electron

pﬂhﬂnmﬁ and ther dependence on the modulation mopli-
and frequencies.

ln(mt]mm we hive shown three fypes of coherent
melastic scattermgs m a ime-mochilated open quanfum dot.
We have demonstrated the potential of sstablishing quambum
transpont a5 4 spectroscopec probe for the QBS's and true
botmd states m an open dot through the coupling of a tme-
meodulated feld o the system.
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Spin-curremt generation and detection in the presence of an ac gate
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We predict that i @ narrew gap [11-V semscondnctor quasnus well or quastes wee, an cheervable elecron

agnni cumment can be generaned wirk o nove-dependess gate to mohify the Rashba spin-cchir coupling 2ons
Methids 1o pectify the s generabed s cirtent e iiscissed. An all-slectiic method of spi-cimes detectson 1

suggenied, which measures die volmge oo dee gase m the vecury of o rwo-dmensiensl ebecuon gas camnng a
tune-lependent spm curent. Bath the peneration and detectron do not uvolve any optical or magsens medsa-
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oz key ssue m spmiromes based on semicenductor 15
the efficient comtrol of the spm degress of freedom. Datta
mid Das' suggestsd the use of gale voltage to control the
strength of Rashha spin-orbe mteraction (50117 whach i
srong i namoew gap semucowductor betsrostroctumes. ln
Inds-hased guantum wells & vanaton of 509 of fhe S01
coupling constant was observed expenmentally ™ Conse-
aquiemily, mch mtersst has been aftmcied 1o the realizabion of
mpﬂmﬂﬁa%mﬂﬂh&%h&dmm
dacm:glemmutdﬂrqmdepmdmmm

In addition to wsng n static gate to comfrol the SOI
strenpth and so contral the siohowary spm fmmsport, new
phvacal phenomena can be observed i time-dependent spun
transpoct under the mvence of a fst varving gate volinge.
Along this line, m fhas aricle we will consider 8 mechamsm
of ac spin current generation using tome-dependent gace. This
mechasism emplays a sumple faet that the nme varation of
Rashba SOT creales a force winch acts on opposte spmn elec-
roes o opposile divections. Enversely, when a pae &
coupled to n mearby electron pas, the spm cuzrent o ks
electron gas also mdisces n vanaboo of the gate voliage, and
hence affects the alectne current m the gate coremt. We wll
LT model fo chnify the prnciple of such o new
detechion meehanismn withoul sy optical ar magnetic media-
lor. The swstems 1o be shidied wall be 10 electron gas m @
semconductor quanfum wire ((WE) and X0 elpctron ges m
# semoconchictor quanum well (W

We consder 8 modsl m winch the Rashba SO 5 de-
senibed by the time-dependent Hamiliowian Heplr) = hair)
x(kxv) 5, where F is the wave vector of an electron. #5 is
ﬁeag:u!upuaw.mdrﬁlhew'l.m Firal:]'l.l.-‘ﬂ'.rru.
perpendicider 1o the wire axis, ad for 8 QW perpendiculas
io the wierfaces. The tme dependence of the coupling pa-
rameter af 1) i coused by a time-dependent gaie * To sxplain
clearly the phyacal mechamsms leadmg fo the spm-coment
penernfron, we will first consader fhe 1D electron gas m a
QWR. and assume aff) fo be a constant o for <0, and
a{t}=10 for 0. For the 1D} system we choose the ¥ direc-
tiont as (e QWER axss and v axss parallel 1o v, 1o write the
SO0 coupling 1o the form Hegl r)= 8ol fik,s. . For <0 fhe
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g degenemcy of conduction electroes 5 biffed by S0L
produemg & splittmg A=8ak, between 5.=02 ad s,
=—1/2 bands, a5 shown m Fig. 1 by solsd cwrves together
witly the Ferom emergy Ep. The spin current i this stage is
zero, ns o should be under thermnl pqmlsboum

Indeed, the spin cument is defined as J,(f)=J;(r)
= I (1), where 11} [og 1\ ()] is the panial comrent assocs-
afed with the spin projections 5= 12 jor 5= — /7). Henee

Lit)= (o0 - ()], 1)

L~
2L EiTE;
where £ 16 the length of the QWR. Takmg the momenbam
dervative of the Hamiltomian, we obtain the velooty as

L-_._Ill‘,r=|'ikx.'m‘1m:rl-'_" {2)
The spin current o6 then readily obtmped as
S b= bt * ) hkey = Bk o Rl Fiand, [E]]

where m 15 the 1D electron denssty, and &y for k) & the
nverage momeniun m the [ -spm for | -span) band

For a parabohic band Akj=—m*wT md bk =m*a?
Abthough &by =hk| pves a fisore contribumion fo 5] o Eq
(3, for r<0 where aifi=wo, tus contnbuhion 15 compen-
sated by the contribution han/d due to the SOI Henee, the
todal s current I{¢}=0 for /=<0 Howsver, when the SO1
i5 switched off at r=0_ «{t}="0 and so the spm current 15
finute, becaise fhe sverage electron momentn reban 1he same
ns they were at r< 0. As hime goss on, e electron momenta
relax with & relawation tume ¢ Thesefore  L(r)
=—{hon4jexp{—i's) for =0

It &5 instructive o make & Founer transform of J(1) to
ebinin & Dnode-like expression

= [ l—zﬂu-u'.ﬂl 14}

2m*ilir=1}

Bipe the unsis of our span current 55 §/7, the above expres-
woh s 4 complete analopy to the slecine conductvity. In-
siead of m electne dnving force ¢E, bere we have an
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FIG. 1. The daihed cimve 18 the elecsron evergy band without
SO0 The 501 sphis the energy band mo the | -spux and the |-spn
bands, a3 shown by the solid cnrves, with conmespoadag avempe
wave vectors &y and | .

equivalent driving forcs (m* 2)[dalr}dr], the Fourier
of which is (m*/Z}iMa(f}). Under this driving
force we have the ¢lassic eqguaton of moton

iy m® deit)
¥l = e e i3]

g2 df
Thas force acls in opposite derections on #lectrons with op-
posite spin progections. When such a force creates a spm
current, it does not induce an electnc current
The above conclusion of spin-cusrent peneraton can be
demonstrabed with a ngorows hinear response analyses, whach
will b on 3 1D elaciron gas (2DEG). The smmole
Dride expressaon (41 will then appear a5 a general result. Let
thse 2DEC be m the xy plane with the urat vectar v slong the
2 axis, winch 15 the spin-pEotmbon was We will ose the
aquation of motwn for the spm-density operstor to general-
ize the 1D expressions (1), (20 for the spin curment. For a
liomeopensons sysiem the suo-curment depsaty operators ciam
hmﬂdmlﬂmﬁﬂrﬂ!mmﬁmmlfi‘
amnd destruction operator ¢, where y labels the spin pro-
jection onbo the - aues. This ourrent & then denved as

;T}:.fl,'l-..fj_lul
where the supersengt i=1, - spacifies the direction of span
polinzation, and the subscnpt 7 =x v relers 1o the drscton
of the span-cusrend How. The parhal current

]

o MR
#33 Mse  o
15 the codinary kanematic term and
e T (8)

is the congribution of SO1” Here £V denotes the Levy-Civita
symbol. The S0 mduced current resembiles the dinmagmetic
current of efectrons umder the action of an external elecir-
nagnetic vector potential

We node fhat fhe 507 Hamilboresn can be convemsently
written i terms of the kinematic murrent 5

Hsght=[m*al e VA )L —H) i@
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When an ac beas widh frequency {1 15 appled to the froat or
the back gate of 8 2DEG,™ he Rashba couplng constant
cootais two berms aif) = ay+ der(f), where ay 15 constamt
in tme and &alr)= Sae'". We ascume that the caly effect
of the ac bins 15 to add & tame-dependent compoesnt io i
SO coupling comstant, althoush m practice it 15 not smple fo
mvoid the bias effect on the electron density® The SOI
Hammlicman 15 separated comespondimgly islo two pans
Honl )= Hog 4 Higl). The tme-independent part 5, doss
il produce a et spin cumest o he themmodynasueally
equbtbrmm  state. However, as pomded cut m the above
malysss om the 1DEG system, the tme-dependent ool
L Ve 158 10 @ Spe carmedt
ﬂu'ewlﬂuﬂq:rleﬂnwmmMuﬂpmm&Hml.
tomuan and treat Hosir) watkon the lmear esponse repume.
The so-generated nc spin cumrent (7)(1)) has the form

-;J}.;m =;_J'i g1 Higl 1" |__?:1r|]:n+-u=ﬁ Sar{Hhn/d
1104

In the sbove aquabcn the first term can be wiitten 1o the
form So(r)R {11} For zero temperature and with {10,
the response fimction & {11) can be represented as the Fou-
ner tramsform of the correlator

i
Rin=—-i— ¥ k..
i ™ i":-'r,i' “a'd

XX K Euf Tk A Gl TR 1,
raH

LITh

where hz=Fx »_ In the sbove equation. the bar over the
product of two one-particle Green fimctions means mn en-
setnible average over mupunty posthons

We will use the standard perturbation theory” to caleulate
this ensemble averaps, wiuch 15 velid when the elssbe scat-
termg time v due to impunities o sufficendy loag such that
Epref. We will assiume that the electron Fermu ensrgy E¢
15 mmich larger tham both A48 and Aeghy. To the first-crder
approxsmation, we peplect the weak localizaton corrections
o the comedator (11), smee these comections samply renor-
mslize the spu-diffission constant® Consequently, the con-
fipuranon average of the paw of Green functions 15
expressed n the so-called ladder series ” We found ihat since
==k maary of such Indder dingrams vamish afier angu-
lar miegration m Eq. (U1}, sommlar to suppresson of ladders
in the electric current driven by the vector potentinl * At the
sapne tane, soime of noadiagom] on spin ichee diagraans do
not tum to 0 after the angular méepmivon. Employmng the
mhﬂﬁufﬁmihdiﬂﬁmmdmeinit:anbeﬂmmﬂmt
they cameel each other” Hence, the configuratson averags m
Eq. (111 decoupbss mio o product of sverage Green hincticas
and Eq. {11} becames
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i
E:'“F=— | I'H'_"E ﬁl'i? J'._Iil

|
IfﬁTT[J'IGEE.wIS’HE.m'Fﬂ]]. 12)

where G(E w) is the average Green's fianction which con-
tmmﬁ]]lg.rﬂluﬂ‘mufHﬂm. Thus function 15 represented by
the 27 mainx

G(E, w)=[ew=Ej /b= aghi-5+iT sgniw)] ™!, (13)

where ['=172r, and Ej 15 defined with respect fo Ep. Sub-
stiating Eq. (13) into Eq. (12), and then isto Eq. (10}, we
obesn the span cwrrent

fi [

U‘mn--l e (14)
[t 15 important to poant cut that the spu density umder the
gile Ao 15 26m0 Thﬁnﬂwmmwhvﬁmma IDEG the
D'yakenov-Perel spm relaxation’ does not appear m Eq.
114) for the penemted spin current, although thas spm curment
15 determned by the response function (12) which velves
spin degrees of freedom. Hence, in the bomogensots systsm
with fero spin density, oaly electron momenhim relaxation
oecurs i the process of spin-cument generation by 3 fome-
dependent gate. _ _

Unhike the spn current (4) m a 10 system, m a 2DEG the
ourrent given by Eq. (14) has no specific dmection. To clanfy
the spatial distnbution of the spm fux mduced by an ac gate,
let ws take the chiral component 7 i 1) of the span cusrent

Tl 0 =[{THO) = {02 (15)

It 15 easily seen that thas cheral projection bas the same form
& the expressson (4) for a 1D system, of m represents the
electron density of the JDEG. In Fig. 2 we dlustate the
span-current distnbubien for a cecalar gate whuch s marked
& the gray area. The spin polanzatios at sy point under the
gate kas two components paralle] to the IDEG. For sy di-
rection spectfied by the umit vector N, the two spm-polanized
fies with pelarization directions parallel and antiparalle] o
N will oscillate out of phase by the amount of = along the
direction perpendicidar ta ¥ Such out of phase oscillation is
schematically plotted n Fig. 2. The smplitude of the spm
density How in each of the opposite directions, as nusked by
the dashed-line amows, 15 just Jge(t). In the JDEG ouiside
the gate area, the spen current cam be supported only by spam
diffision. Therefore the chral ac spin polanzation 15 accu-
mualated m the vacimty of the carenmference of the gate, and
froms where diffises away from the gate ares. [t can also
diffisse umder the gate. For small gates such back daffusion
can dimimsh the efficiency of the spin genershon. Qo the
other bard, for large gates with the size bager then the span-
diffimion length the diffssion cowsrterflow does not reduce
mmhﬂrmt:hpi:;dwrmu e ey et

The cuarrent can v ekl
wated. u}ﬂm-mmﬁ Wl-?rxm"é-l,n
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FIG. 2 Deinbesson of spen cummests induced by & tume-
dependent circular gate which 15 marked as the gy regon. Under
the gate, electrons with opposzie spuns (sohid amows) meve m op-

posate directions indicated by the dashed-line amows, Amows cut-
se the gate area show the acommmlbated spin palanzanon danng a
alf peerveed oF 3c gare voltage eeillanon

=10" em™, and r=1 ps. from (14) we derve (2e/h)
xiﬂﬂ}h=:u Amp'em. Thas ac spm current can be de-

ected by various metbods. For examgle, if boles can tuoel
mthﬂmtght-urhmdufﬂ]fmtttdﬂ their recombination
with spin-polanzed elactrons will produce the emission of
circular-polarized bght "

However, here we will discuss a method of direct elacine
detection of the de or the ac spm current. This method 1
based om & simple fact that the Rashba 501 couples the spm
current fo the gate voltege We have shown in our above
analysis that due to thas couplimg, spm cumrent can be m-
duced by a tme-dependent gate voltage In thes case the
voltage variation plays the role of a source which dnves
electrons out of thermmodymame equlibmun, and the spm
catrrent 15 the hinssar response 1o ths perfurhation. The reverss
Process s to creabe o spin current m & 2DEG by some source,
&nd so miducing a voltage shuft m a wearby gate. Thes 15 also
possible o realize. We thus comsider a model where the 500
constant o L7 15 8 function of the gate voltage 07(r)=17;
+ P}, Upis the state squalibrivm valis in the absence of a
span current, whale Fith 15 a dynamc vanable. The mean
valee { ¥} of F(f) has fo be calculated a5 a linear response fo
the perurbation associabed with the presence of the span-
polarization fAow, The explicit form of this perusbation can
e obtamed by averaging the HammMoman of the system over
#n electronse sinte wath the grven tme-dependent spm cur-
el

(-} be such type of average To the lowest oeder
with respect to 501, the couplmg of the gate voltags o the
span current 15 thus defermuned by the average of the Rashba
anteraction in Eq. (%) with o= o(U7). The couplmg between
the pate voltape U(r) and the spin cument 7 15 via the
Kinete m.-rm,l" To derive the coupling Hamaltansan H,

mn;eEqiﬁlluE:presi.-“mtemsnff and expand

2333073
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FIG. 3. Schemanc illusmanen of spsn cumress detecton. ac spm
crent fows from the nght to the e under the gate with spn

polanzed & shown by amows. P denoies the volmeser ad 2 15 the
cufer circt impedance,

a(l)=a{Ug+a'Fir) for small M) The coupling
Hamliceamn 15 then derved from Eq. (90 as

Ha=— AT (A (8

The charging of the gate O=CT 15 related to the pate ca-
Hence, Eq. (16) can be expressed in the comnve-
ment form K= 08, whene

m*a’ )
t=¥[”ﬂ_r—':jii:'_r] (17

15 the effectve electromotrve forve.

To ilhustrate oar proposed method of direct electne detac-
tion, bet us consader a corcut conmecied to the gate. The poo-
cipal scheme of the spin current detection 15 shown i Fig. 3.
I it an additional back gaee can be utilized 1o e the
electron denuty (nol shownl The cirewt 15 charsctanzed by

a frequency-dependent impedance Z{i{}}. The voliape m-
doced on the gate by Mehumnﬂt’eﬁm:eu?mm

easly chtamed as

PFHYSICAL REVIEW B 68, 233307 (2003

PbCZ( 1) _

=Sz (18}
When the spin-current frequescy 45 m resonance with the
circiil eigeamods, the gate voltege becomes very large. In
the Lrmat of ogh mpedance (apen ciromt), (F)=£ Usmg
the spn curent (2a/f).Ti(01) )= 1077 Amp/em derved
sbove, and the fact that {.77) =.4(7'(12)), where 4 is the
mmmw&,lﬂmmﬁdﬂml&tm
iduced 1 & probe pate by thas spin cumrent penerated by a
mtl]rmregah For the reasonable parameter valoes o
=3%10 ::r:n."i.-s. m* =003 m,, ad C=xapd!] with &
=10 mnd /= 107" cm, from Eqs. (14) and (18] we abtam £
=107 V.

The generated 2 spin cumrent can be rectified with van-
s methods. For example, one can nie a shter gate which
15 =2 phase shafted with respect to the peneration gate. The
shurtter gate cam be placed m the neighborhood of the gen-
eration gate of betwesn two such gates. The evaluation of the
rectifing efficiency of such a sehgp requares a thorough
analysis of spu relaxston and diffusion processes caused by
e s accimilatn dunmg the duiter cycle.

We would like to add one relevant prece of iformaton
whach we became aware of after we completed this paper
The preprnd of Govemale e al. on the quanbam-spin pamp-
Lu,gmnll)mul]mhﬁ:dmﬂr]ltanf:rmngspm
L'umm'mutlne-depemhjpate However, our results
igvolving disspative mansport in 2DEG and IDEG cansol
be compared darectly to those m Ref 12
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of Tarwan under Grant Nos. 91-2119-M-007-004 [RCTS),
O1-2112-M-000-044 (CSC), the Swedish Roval Acadesmy
of Seience, and the Rissan Academny of Scemess mnd
e FFBR Grapt No. 03-02-17452. AGM. acknowledges
te bospafalsty of NCTS n Hsincho where this work was
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Finger-gate array quantum pumps: Pumping characteristics and mechanisms
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We soudy the punsping effects. in boih the adsabanc and ncaadishasic regumes. of & par of finie finger-gase
aray {FGA) on 3 narow channe]. Consection berween the pumpssg characienstics and associmed mechsnsms
15 establshed. The pumping pecenrial 15 peneraed by ac bigsing the FGA powr. For a single paar (N=1) of finger
gates (FG's), the pumpssg mechanism 15 due o the coberent melaste scatiermg of the taversing electron to 1ts
subband thresheold. For a paar of FGA with par nunsber N2> 2, the dopusant pamping mechanssm beconses that
of the time -dependent Bragp reflecton. The comnbuincs of e timw-dependent Bragp reflecmon o the pusig-
uig 16 enabled by beeakmg the syvmmetry i the election ramamsssm when the pusypong potentzal 15 of a
predomymant propagating fype. This propagating wave condiion can be achieved both by an approprage choice
of the FGA paar confignration and by the monitonsg of a phase difference & berween the ac bisses in the FGA
paat. The robustsess of such a pumipmg mechansm s demonsteaed by consudermg a FGA pair with only pasr

minmber N=4.

DO 101103/ PhysRevB. 10085315

L INTRODUCTION

Cheamham ¢ Eﬂun;ung (CP) has become an active
ﬁtldmmmﬁ‘!lIEsnmnmdmﬂlﬂrm-
taor of net transpont of chargss amoss an unbiased mesos-
copic strochare by cyclic deformation of two structure param-
eters, Onginal ];-m?nul. of QCP, i the aciabatic regime, was
due to Thoubess' and N’ They comssdered the current
geeerated by a slowly varpmg traveling wave i an 1solated
one-domensional system. The mumber of electrons trans-
ported per period was found 1o be quantized if the Ferm
energy bes 1 & pap of the spectrum of the msiantanecus
Harmiltondan. Abring af this quantized pomped charge nanars
of the adiabatic pemmng Nie propossd vanows one-
dmmensional penodic potenteals for the adiabate quamam
punpeng (AQP)” and pointed out the impartance of the
quantized charge pumging m atlizing o for o direct-cament
standard *

Anather way 1o achieve the AQP was suggested by Hek-
kg and Mazarov,” who studied fhe role of inelashe scatter-
ing in the guantum purping of a double-cscillating barmes in
a ome-dimensional system. Intended to stay i the adhabate
regune, they umoked a senuclassacal approsimation and had
assumed that the Fern energy epkeffl, where 03 5 the
pampmg frequency. Thes semuclassical treatment of the in-
elastic scattenng 15 known to be mappropnate for the regrme
when either the mtial or the final states are m the vicmrty of
the energy band edge. Soch a regime, however, 55 our major
focus m thas work. 1t 15 bacause the coberent inelaste scal-
ftermg becomes resonand when the traversmg elsctron can
miake trarsstons to s subband theeshald by enutting
mifd 2 Depending on the system confiprration, thes and
mother resonant melashie scatterings will be shown 1o dom-
nate the pumping charactenshes

A recent expenimenial confirmation of AQP has been re-
parted by Switkes er al* Two metal pates that defined the
shape of an open quantum dot were ac biased™ with voltages

1CRE-01 212004 TO B DESF] S(THEEL 50

TO OB5E] 5.1

PACS susmber(a) 72.10.=d, T2.30 g TI00 4y

of the same frequency but differed by a tumable phase
difference * DC respomse across the source and drain elec-
hudhnﬁwﬁmmnrﬂlrﬁﬂﬂﬁahsgmmldﬂmm
wtepsrve stcies on AQP m quanham dods. ™™ double-barmer
qummnhmlls.* plarped Mluﬁrrf niseless Al:;llll:}'-‘__ﬂhu:
cirent, ' ancolerent b s, anid
il My processes UADIHE Tiigs

An altemate 'urnmleﬂ’mﬂw’ AP -
»'nlt'esﬂnﬂﬂa:ﬂc wave (SAW) " Generated by an
interdigitated SAW transducer located deep on an end-remon
of a narmow chanpel, the SAW propagates to the ofher end-
regron of the namow chammel whale nducing a wave of elec-
trostatee potepiial wrde the channel Electrons trappsd m ihe
potential manama are thus transported along the pamow chan-
nel, Bath Moit-Hubbard electron-electron repulsion in each
such trap and the adiabaticity m the are peaded to
grve rise to quanhization m the pumped current ® Ac soch,
the channel has to be operated in the pinch-off regieme. 77

In fhus wodk, we propose to stody yet another expenmen-
tal configuration for QCP i a mamow chamed. The proposed
confimmation consasts of A par of finite fimper-gate armay
(FGA), with the number ¥ of FG's in each FGA being kept
to a small pumber. In contrast to the SAW confiparaton, the
FLiA pair sus on top of the narrow channel, rather than lo-
catng ot a distance far away From it aod the most significant
QCP ocours 1o repmmes other than the pich-off regime. The
FG's onent trapsversely and lme up longitudisally with re-
spect to e parrow constnetion. As 15 shown m Fig 1
punping potestsal can be generated by ac biasing the FGA
pars with the same frequency but mamiaining a phase dif-
ference o between them Smee the wave of electrostatic po-
temteal mduced i the namrow chamne] is directly from the
FG's, radber than via the SAW, our proposed structure has the
obvious advantape thet the working frequency 1s not re-
sinicted fo the frequency of the SAW, ws=2m5/d. Here 15 15
the phase velocity of the SAW, and d is the putch in the FGA.
Furthermone, when the workmg frequency 1w different from
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":"I cos( K+ d)

FiG. 1 iColor cndine} Top wiew of the proposed svsiem stroc-
ure fie the case of paar rumber ¥'=4. A FGA pair 15 locared or top

of 2 nagrow chamne] Emmmdmmﬂm
ergy, and ¢ 15 the phase dufference.

o, the coninbution from SAW to the pumped curvent will be
negliglbie

Below we shall show how the ac bussed FGA pair plays a
subile role 1n the generation of QCP In Sec. 11, we present
pur theoretical model for the FGA pasr calenlation of the
parmped currend generated by the FGA pair confipuration. In
Sec. 1M1, we present the pumpang charactenistes and demon-
strate that resomant coherent inelastic scattermgs are the un-
derlying pumpmg mechanisms. Fmally, m Sec. TV, we
present pur discussion and sy

I, F-A PAIR MODEL

The patemitial Fx 1) in a namow comstrcison indoced by a
FGA pair i represemted by
"
M.t = 3, Fidvheosiil) + Pylvlcos(fe +4), (1)
m]

where N 15 the mamber of FG's per FGA. We assume that the
ac biased FGA pair are localired, respectively, af positions x;
and x;+8v, pamely that Flx)=Fj#x-x) and Pylx)
= Fhdx—x;— &) witl & relative phase difference & These
FiG's are evenly spaced, with a peich 4, and are located at
x=(1=1)d for cne FGA and x,+ &y for the ather. The relative
shift between the FGA pair is Sv=a d, where the fracthonal
chift 0= < 1. In the followmg, we consider the case of the
same modulation amplitude ¥y =VF,=F, Depending on the
choice of the values for  aisd @, FUo ) will eather be pre.
dominsntly of & propagating or & standmg wave type. A sen-
sble choce can be made from consdermg the lowest onder
Founer component of Fix,7), given by

" =%{m Kx cos U+ cosl Klx - &) Jeos(lr + 8],

()
where K=2m/d. For our purposes m fhas work, an optumal
choice 15 d=w/? and a=1/4, m whach Fix, 4 15 3 predomn-
nant left-gomg wave.

The Hmhnmm of the system o5 H=H, +H,1r), m which
-—.:1- apt —-.qu COMERlY: & trapmsverse I:'IZH].ﬁ.I'.'EIIEIlL lead-
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mg to subband energies e,=(2n+1 o). The hme-dependent
part of the Hamltoman H,() 15 of the dumensionless form
HAfl==#1a+Fx_f). Here appropriste umits have been
used such that all physacal quantities presented are m dunen-
siomless form

I the QCP reme, the chepucal potential g 15 the same
m all reservoars. Thus fhe current, ab zero fempera-
ture, can be expressed as!

I== ;;L dE [T_(E)- T_(E]. {3

Here the total current transamassion coefficients melade the
contnbutions by electrons with mewdent energy E o mexdent
subband r, which may absorb or emnt mil 1o enerpy E,=E
+mil by the FG pumpang potentials, grven by

Nl o=

T iBl= 2 X TofEnE). )
=] p——

where V5 stands far the momber of ocowpred sobbands. The
sumnmations &re over all the propagating components of the
transmatied electrons, and includes both the subband mdex #
aned the sideband index m. The subscopted amow m the total
cugrent trapsmission cosfficient mdicates the mesdet dipsc-
Gom. These coefhcienis nrtnku]ured rnmma]h'h'annw
dependent scattermg-matnx method. ™™

I NTUMERICAL RESULTS

In thes sectson we present the numerical results for the
purnping characienstics of eather a single FG paar iN=1) ara
Jinire FGA paar (V> 2). I these tao cases the pampng char-
actenistcs are due to defferent resomant inelasthe scattenng
processes. For defimteness, the pammetsr vabues in our me-
mencal results are taken from the Fass-AlGa;-.As based
beterostruchare, The vaboes thet we choose for our configu-
mation parameters are s, =00007, subband level spacing Ae
=2oi (=013 meV), d=40 (=032 pm), and FO=0.04
(=287 meV A). From the value of Fpp, and the assumed
FG width ~0.05 gm, the amplitads of the potential -
duced by a FG g5 ~0.057 mV

A. Single FCC pair case

I this sabsecton we mveshigate the pumping chamctes-
whes for the case of a single FG pair. Figure 2 presents the
dependence of the total current transnxssion coefficients on
the mcident electron energy g, We replace the chemscal po-
tenbial g by

e 1

IF:E-LE |_-5:|

which integral value comesponds to the number of prapagal-
mg subbands N in the nasow chamnel The pumpeng fre-
quency w kigher m Fig  208), wath 0=064:{01 27
=18 GHz), than that in Fig. 2(b), whers 0=014¢(0)/ 27
=3 GHzl. We sefect the phase slaft ¢b=#/2 and =14

0B5315-2
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FiG. 2. Toal cuprent sransmisseon coefficient versus X for a
panr of FZ {a) Di=0.64 and (b) (1=0.14¢ The trapssmsson of
the nght-pomg (lefi-going) elections e represented by the salid
{doniedy cwrve. The subbasd level spacing 0 de. Paramelens o
=14 and dh==/2 are chosen 10 meet the opitinal condition.

At miegral valoes of X the fofal current transmassion
coefficients T_ LY, ) extubnt abrapé changes This 15 due
to fhe changes in the namber of propagatmg subbands i the
narrow chennel. Between mfegral X, valees, T, both
show dip struchares. The dip strochmes are located st
=Ng+0.6 m Fig 2a), and at .17@:.-"."5_-&.1 in Fig. Xb).
These dip structare locations are the same for both T_ and
T__, and are resomant structares associated with melastic seat-
tering that causes an electzon bo jumyp mbo & quasibomd stale
{QBS) just beneath a subband bottom ** The peak strochares
m T_ of Fig. b), and at X, =N5+02, are 2{} resonant
sirechures

In Fig 2, we can see that T'_(X,) does nof equal to
T_iX,), thus allows the occurrence of the pumped current.
Moreover, befween miegral X, values, T_>T_ on the left
regson of a dip strochare, whale T_< T on the nght regen
of the dap structure. This has An mmportant beanmg on the
dependence of the pamped cusrent on u, 35 5 shown i Fig
3. The pumped current nises, and drops, on the left, and nght,
region of a Xy, respectively, m accordance wiih the relairve
changes in T_ and T_ about the same Yy, Hence the peaks

of the pamped cument depend on the pumping frequency, at

PHYSICAL REVIEW B 70, 085515 (2004)

1{nA)

FIG. 3. The pumped currents versus X, with the same pagam-
eters nsed i Fig 2 The solsd and dashed curves comesponsd, 1e-
spectrvely. to (1=0.64¢ and £1=0.14¢

-t‘f'“=:-‘s+ﬁ- (6)
reaisuring us that the pumping is dommated by the afore-
menfioned resonant inelastic process.

Besides the trend that the pumped curent m Fig. 3 drops
with it pusmping frequency, we wonld like o remark on a
more interesting result: that both the adisbatic and nonadia-
batic behaviors can be found in the same curve, Since the
adbate condition 15 pven by u¥ il the curve for 6}
=014 in the regices A+ 0/ Ae <X, = N[ +1 comesponds
to the adabatie regumes, while the other X, regions are nons-
disbhatic regimes, Thas is checked also with owr other ealew-
laticn, which & ool shown here, wmg the Browwer
expresston ' For the lagher pumpang frequency, fh=10.64¢,
the adiabatic condition is net satisfied m the sntre X, repon,
even though the charactenstics resemble that of the
adiabatec one m the regions N+ 0/ de< X =N +1

B, Fimite FGA case

Inn thes subsection we present the mumencal results for the
pumping charactenstics of a finite FGA par. QCP for two
promanest modes of tmemg the system are considersd, These
are {1) tunmg of the electron density by the back-gate tech-
meee, and (ia) tunang of the chammel wadth by gplir-gave tech-
]llqlﬂ.

1. Tuming back-gare

We present the pumerical results for the pumyping charac-
tenstics of 8 FGA par with ¥=4 that s realized by the
back-gate technigwe. The dependence of the tofal current
trarsmisson cofficients on X, is shown m Fig, 4, m which
the pumping frequencies are (a) [}=064¢ and fb 6}
=0.14e The choice of the parametess 4, ¢, and a 15 the
same a5 m the previous subsection, but the Latter two param-
efers gve rise here to an eguivalent left-poing wave i the
pumping potential Fx_f)

The curves i Fig. 4 show addihonal structures, ofher than
the dip stmochurss that has been discussed in the st subsec-
ton. These addmonal structures are valley strocharss that
occur at different X, values for T_(X,) and T_. In a regson

(E5313-3
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between two miepral values of X, the valley strochure of
T_ X b oocurs af a Jower X, This shows clearly the break-
g af the transmrssacn symmetry by ibe pumping potential.
Fusthermore, the valleys are separated by AX, =11/ Ae. This
can be understood from resomant coupling conditions £,
weyp—i¥ and £ p-=e,—10 for, respectively, the nght-poang
and the lefl-gong ¥ From these condatsons, the valley loca-

bioas are at
E=[EI‘1:E']_. i7)

where the upper sign 15 for positive, or nghi-going, k. These
locateons, expressad in ferms of X, are given by

iy

X =N+ =, Ed]

3

and are af X, =1.1%, 1.79, 21%, 279 3.1%, and 3.79 for the
case of Fig. #a), and X, =1.39, 149, 239 249 339 and
349 for the case of Fig 4(b). The maiching between these
nmbers and our numencal results i Fig. 4 1s remarkable. In
adchition, enengy paps open up al these k2 locations, caismg
the drop un the transnussion and the fornation of the valley
structores. |” All these results remssure us that the time.

Transmission

Transmission

FIG. 4. Tonal cument wranissce coefficien versus X, for ¥
=4; (2) f1=0.4%¢ and (b [1=0.13&. The transmessaom of the nght-
poing {lefi-goang) ehectrons are represented by the solid (dotmed)
oave. The paameters a=1/4 md d=z/2

FHYSICAL REVIEW B 70, (25315 (2004)

E

:

1(nA)

EERBEEE R

FIG. 5. Pumped cument versms X, The chosces of pammetens
are the same 34 in Fig 4. The solsd and dashed curves oomrespond,
respectively, o (=004 and 1=0.14e.

dependent Bragg's reflaction 15 the dominant resomat welas-
tie seattering an our FGA pasr stnactune

Om the other hand, the adssbatic condshon 15 here prven
by ogy =01, Where £gy, 65 the effecrive energy gap of the
Jrr.:rnrlrarrmu: Hamdltorian® Since Egp 15 given by the
widths of the valley structares, therefore contrbahons of the
valleys to the pumped current 5 ponadiabatic s Fig 40a),
because the vallevs are well separated, and adabatec m Fig,
4k, becanse the valleys overlap

In Fig. 5, we present the X, dependence of the pumped
current for the cases in Fig 4 The pumped cusrent peaks a0
X, that lies m the maddle between a valley in T'_(X,) and the
correspanding valley m T (X, ). The locatvons are around

9)

whach depend oa both the prich 4 and the pumping frequency
01 The pesks have fat fops for the sobid corve, when 01
=0 6de. Comparng with the tofal current frnsmmssion
curves in Fig. 4(a), we see that the flat-topped peak profile s
associabed with the complete separation between the vallevs
in T oand T This s i the nonadiabatic segime. In con-
trast, for the case when the valleys overlap, such & m Fig
&by, the pumped curent peaks no longer camy a fist-top
profile, a5 is shown by the dsshed curve in Fig. 5 This is m
fhe achabatic reprme. Meamvhale, their peak values are law-
ered. It is becanse cancellation sets in when the valleys oves-
lap. We node that the pumped currends are of order nA.
The robustzess of the time-dependent Bragp reflectica, on
fhe otter hand, 15 demonstrated most convinemgly by the
mumber of charge pamped per cycle at the maximum Fy, of
the pumped cument In the dashed cusve of Fig. 5, the
pumped charge per cycle per spm state O
=(2m e/ 2e=0495, where fyp=048n4 and 03
=0 14e=303 GHz To get a wwly, of quashized, charge
pumped per cycle per spin state, one can fix the pumping
frequency fi=014¢, V=4, d=2/2 md 4=40, then tme ihe

0253 15-4



FINGER-GATE ARRAY QUANTUM PUMPS: FUMEING..

A0

Transmission

I(nA)

FiG 4. The dependence oo sobband level spacmg Se of (a) e
notal crrest srarsmission ooeffioent, sad (by the pranged cuenent.
The abscissa is degucted by Eq [10] where p=004% and ¥ed.
Pumping frequency (1=0.0084 in afl curves except for the doted
curve = (B, wheee D=0.0014. Parameters @==/T and =14 foe
all curves except for the dashed coree in (b). where =175, In (@),
the sohd |_n:h.d1r|l| curve 15 for .?'_Lf_l:{il"_ [.1"]], and conmbutons
from the second Fomner compoment of Pz f) are mebcated by
TS,

ather pumping parameters F=0.09 and «=0.15 1o obtam
Qp-lll’?ﬂli:t.-':’ =3 465 [nof shown here) In thas frequency
regime, MW%mHhmﬂhhm ac-
cording to Thouless' and Wm® when e % 0}, However, m
mcath.mrmﬁg}'ppisdhﬁtﬂﬂypmiaﬂ}'wd,
a5 we can sée from the nonzero tramsmussion in Fig. b,
becanse we have only N=4 FG pars. Thus our result shows
that the candition of occarrence of the AQP & less strmgent
than we would have expected ongisally” In other words, the
pumpmg effect of our FGA configuraton s robust.

It 15 also worth poistng ot that the pumped cuments are
positive m Fig. 5, showing that the net mumber flux of the
pusnped electrons 15 frony right 1o left. Thes 15 comsistent with
fhe propagafion direchon of the electrosiabic wave m
Hx ¥

2. Toming spiit-gase

Thus far, we have explored the dependence of the FGA
pa.LnQCPnhmurtmshrs om X by the use of the back-gare
rechimige. Andlber way nl’nmnyhe QP chiractenshics o
via the modulaton of the channel wadih (or subband kevel
spacing de) This can be realized experimentally by the e
of the so-called split-ge technique. Hence we present, m
Fig. 6, the tmmsverse confinement dependence of bath the
total current transmission coefficients and the pumped cu-

FHYSICAL REVIEW B 70, 033315 (2004)
rent. The tramsverse confinement 15 depicted by
(1)

which 15 lnearly relatsd 1o the effective channel widih, and
that sts integral valoe c to the number of propa-
patmng subbands m the channel In fhes mode of nmiag the
QCP chamactenshes, g 15 kept fixed.

I Fig 6(a), except for g, wheeh g5 fixed at 0.049, and
which vanes with ¥, other such as [1=0
=2, and a=1/4 are the same a5 m Fig. 4(a). The salsd
{dashed) curve is for T_ {T_). Both the QBS and the tme-
dependent Bragp reflechion features are found The expected
locations of the QBS, given by the expression

A L e
LI RS
S Sr ] ey (1)

are st 1.1, 23, and 3.5, and they match the QBS locabons m
Fig oa) perfctly. Hers n is the subbamd mdex. The ex-
locations of the valleys, assomated with the tme-

dependent Bragp reflaction, are given by the expression

ﬁ——Ju 7ufF' (12)

thus they should be at X,=1032.1.3.14 for T_(X;), and at
Xp=1.1524373 for T_(4p). Agam, they match the valley
locations in Fig. 6{a) remarkably.

Besides, thers are in Fig. ﬂibt'maddjhnnllwlhvstm:
tes, milml:db\ arrows, at whoch 7L and T [A',Jj'all
one on top of the otber. These strectures do pot contmbute fo
the pansped cusvent, and they are due to the time-dependent
Brage reflection from the secomd arder Founer component of
i, i), The second Foumier componest of Fx, 7] & in the
form of a stnding wave, mven by cos(2K)[cos fir
+5in (7], That both of the additional valleys all appear m
T_{Xy} and T_{X;) can be understood from the fact that
et fesonant ooupling conditions come into play for the
case of standing wave. The resonant couphng condibons are
er=eparEll, ad sp=apor+ 0, As such, the valley loca-
tons are prven by the expression

,1:;—— . :.] (13

for n=0, snd for & =[K(1 ;ﬂ-{iﬁ]‘]]‘ Aceordigly, thesa
2K tme-dependent Bragg refsction valley locations are ex-
pected to be at 136 and 1.73, whach comeide with the two
sddstiomal vallevs m Fig. 6(a), and are indicated by arows,
We pote, 1 passing, that contnbuhons from hapher Founer
dimninish, a5 15 seen by compasing the valbeys
from the first and the second Founer compenents of Flx r).
The .Y, dependence of the pumped cuzrent for the case m
Fig. ﬁmurewmtedtry:hﬂ salid curve m Fig. &b). The
peaks have flar tops bemse the valleys m the comesponding
_,{.t'ELT Lt’}mml];epamtedﬂm curment for
[1=0.0014, 'H:esaumﬁ‘aqlm'l.rﬁ m the case of Fig 4ib), 5
depecied by the daited curve in Fig &bp. The peaks are mol
fiat-topped and the magmmdes are much smaller becanse the

1+
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tramsomsson valleys overlap For comparison, we alse
present the case when parameter values differ shighthy from
that of the optimal choice, As is shown by the dashed curve
m Fig &(b), where sll parameters are the same as for the
solid curve excepd that o 15 changsd from 144 1 173, the
basic pumped curment peaks m the sold corve remam mesct.
This dememstrates the robusiness of the QCP aganst the de.
viatson m vaboes of the configuration parsmeters from the
chowe.

Interestingly, there are two addiiomal featurss i the
dashed curve of Fig 6(bj: namely, an addibonal pumped
cugrent peak at Xp=1.5, and an increase in the peak value for
the pumped current near X,=3 5. That both of these features
m%dmanwﬁmlﬁ&mﬂ?mmrmwmuaf
Wx,f 15 supported by the outcome of our analysis per-
formed upoa the Fourer component of Fix,f). This method
of smalysis has thus far been successful m proveding s m-
sights on the iy charrtersties iy this work,
The m-th Founer component of Flx, ), apart from a constant
factor, s grven by the form

Py = [cosimara) - sislmma)Joos[mk" — 0ir — /4]
+ [cos(maa) + sin{mmel Joos[mEx" + (1 + w4 ]},
(141

where 1'=x—8c/2. ¥V, consists, i genperal, of waves propa-
gating in both lefi and nght derections. But when =14, as
we have discussed before, V) becomes a pure left-going
wave and 1 becomes a pure standing wave. The case of o
=1/5, bowever, have botly Vy and Vy consisting of waves m
opposite propapgabion dmections. Therefore, n contrast with
the o=1/4 result, addivonal costribubions from the 2K
Bragg reflection are expected for the case a=1/5. This ad-
ditional comfmbution should peak at the mid-poant between
two transmossion valleys for the 2K Brage reflechons, and
the expressicel for X 55 given by

.1"--++r.|+-|| (15}
where £,,= K7 ={{}/2K)°. For the case of the dashed curve m
Fig. &b), the values of X, = 154 and 3.5 are shown o
match the locatons of the addshonal featres meely. Fially,
we can extract mformation of the sensswity of the panped
cusrent characteristies to o by lookmng st the cosfficsents of
the left-gong and nphi-pomg waves m V. For ae=1/3, the
coefficients of Vi for, respectively, the sight-poang and the

PHYSICAL REVIEW B 70, 0E5315 (2004)

lefi-goimg waves are 027 and 1 4, Thas shows that 1 i stll
dommated by the lefi-pomg wave and fhus explams the tmy
modsfications to the pumped cusrent peaks at V=11, and
23. Buf for Vs, the coefficients for, respectively, the nipht-
poing and the lefl-going waves are =093 and 1,57, This
shows that Vy denstes quate siomficantly from that of &
stapding wave, and 50 explass that the addinonal peaks
from the 2K Bragg reflectsons are guite large.

IV. DISCUSSTON AND SUMALARY

It 15 mieresting to pote 10 passing that our proposal of the
FGA paur configieration 1 differen, in three aspects, from the
voltage lead pattern proposed earbier by N * First of all, the
plsmping mechamisms o which he comfigurations are caler-
g to are different Tt 55 the mechansm of translatmg the
Wanmner fmehons ina gven Bloch band i Ref 2, whils it s
the mechamsm of the te-dependent Bragg reflection n this
work. The former mechanesm 15 sdiabatic by natore but the
atter mechanasm i shown, m thas wark, to hold m both the
adiabatic and noc-adiababic regimes.

Second, the comfipaations. are different i the mamber of
sets of voliage leads mvoked A third set of woltage leads was
instiiged by Mg to fix the Femm snergy o the maddle of the
Instantanecus energy gap i order bo mmtsn the adhsbatie-
ity of the pumpeg Smce our imterest here 55 on the
pumping charactenshes, meluding. 1m particular, ther depen-
dence oo the Ferou epergy. it suffices s o consider a sim-
pler configumbonr—the FGA par confipumabon. Thrd, the
number of voliage lead expected, and meeded, m a voltags
lead set 1 dafferent. Our reselts demonstrate the resomant
nahare of the fume-dependent Bragg reflection, and that the
pumping chamctenstic 15 robud—requinng oaly a FGA parr
with small ¥. Hence the FGA par confipmation proposed 1o
thas work should be more accesstble expermentally.

In conclusion, we have proposed a finger-gate armay parr
tmﬁp_;lmtmﬁrhgm&qﬁmufquﬂumnhﬂrypmg
Detarl pumping charactenstcs have been analyzed, the ro-
busteess of the tme-dependent Bragg reflection in QCP has
been demoostrabed, and the pumpmg mechansm 15 wnder-
stood.
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Appendix D:

DC Spin Current Generation in a Rashba-type Quantum Channel

L. Y. Wang.! C. 8 Tang? and C. 5. Chu!
' Department of Electrophgsics, Notionol Chioo Tang University, Heincku 50010, Tainum
*Physics Division, Nationsl Center for Theoretical Sciences, P.O. Bor 8131, Hsinchu 50015 Taivan
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We propose and demomstrate theoretically thal rmonant inclastic scattering (RIS) can play an
important role i de spin current generation, The RIS makes it possible o generate de spin current
via a slmple gate configuratbon: a single finger-gate that locates atop and orlents traneversaly to a
quantum channel in the presence of Rashba sple-orbit intersetion. The se blased fnger-gate ghves
rlee to a thmevariatlon in the Rasbba coupling parameter, which causes spin-resolved RIS, and
subeaquently contributes o the de spin current. The spin current depends on both the static and
the dynamic parts in the Rashba coupling parameter, oy and oy, respectively, and is proportional
to monj, The proposed gate configuration hues the added advantage that no de charge current is
groerated, Qrur stdy also shows that the spin current generation can be enhanced sigificantly in

a double finger-gate comfiguration.

PACS mumbers: T3.25.b, 7225 De, T2 4, 72.255.-h

Spintronics & important in both application and fun-
damental aremas [1, 3. A recent key issue of great in-
terest is the generation of de spin current (30C) without
charge current. Various de SC generation schemes have
been propesed, involving static magmetic fiekd |3, 4], fer-
romagnetic material 5], or ae magnetic field 6. More re-
cently, Rashba-type spin-orbit interaction in 2DEG 7. 5]
hias inepined attractive proposals for nonmagnetic de 3C
geoeration [0-11]. Of these recent propesals, including
& time-modulbated quantum dot with a static spin-orbit
coupling |9, and time-modulations of a barrier and the
spim=orhit coupling parameter in two spatially separated
regions [10], the working principle is hasically adiabatic
quantum pumping. Hence similtamens genetation of
both de spin and charge corment & the norm. The con-
dition of zero de charge eorrent, however, is met only
for some judicions cholees for the valees of the svstem
parameters.

It is known, on the other hand, that quantum trans
port in narrow channel exhibits RIS features when it is
acted upon by a spatially Jocalized time-modualated po-
temtial [12. 13|. This RIS is coberent inelastic scattering,
bt with resonance af work, when the traversing electrons
can make tramsitions to their subband threshold by emit-
ting k€2 [12, 13]. Should this RIS become spin-resolved
in & Rashba-type quantum channel (RO, of which its
Rashba coupling parameter i lime-modulated locally, we
will have & simpler ot o the noupagnetic generation
of de BC. Thus we opt e study, in this Letter, the RIS
features in a BOQC. As is required by a stady on the RIS
features, our study goes beyond the adiabatic regime.

The system configuration considers] B based on a
ROC that forms out of a 200G i an ssymmetrle guan-
tumn well by the split-gate technbque. As 15 depicted o
Fig. Lia). a finger gate (FG) is positioned above while
it. is soparated from the BOC by an insulating laver. A
[ocal time-varation io the Rashba coupling parameter
o r. f) can be induced by ac biasing the FG [10, 11, The

Hamiltomian is given by ¥ = p*/2m + Ho(r. 1] + V.ig)
whete the Rashba term

1 ,
Holr,f) =M slairtip+poind]. (1)

Here M = 2« e, 2 & normal o the 2DEG, & B the vee-
for of Pauli spin matdces, and V(g B the confinement
petential, The unperturbed Rashba coupling parameter
o, 1) ks oy Chironghont the ROC, bt when pertarbed by
the ac blased F, it beeomes ag +aq oos 6 o the reghon
underneath the FG. The Dresselhans term §s neglected
for the ease of & narrow gap semboonduetor system [14]
For a clear demonstration of the pumping mechanism.
the unperturbed ROC we considered is narrow =0 that its
aubband energy spacing i= much greater than the sub.
bardd mixing due to the Rashba interaction. As such,
the unperturbed Hamiltonian, in its dimensicnbess form,
BHy=-V+ g, (/0 + Wy}, Appropriate units
have besn used such that all phvsical quantities presented
hege, and henceforth, are dimensionless [13. In particen-
lar, o is i unit of 22, vp indicating the Fermi velocity,
apl spinin unit of &/2. The right-going [R) eigenstate of
Hy, in the n-th subband, & ¢ (y) 07 (2], where vz} =
EXp [r'.l.':ll".r] Xe- The wavevector k7 g = /Jin + Tt (2

|
Al

FIG. 1: [a) Top-view schematic illustration of the ROC, The
ac-blssed FG, of width {, & indicatsd by the grey area; (b
the elestron dspersion relatlon of an wmperturbed ROC,



while 1. = £1 denotes the eigenvalue of 3, to the oper-
Blor Ty, Jin &= the encrgy messured from the n-th snb-
hand threshold such that the energy of the egentstate
8 E = p, + &, — o3/, for 6, = (nm/dp*. This dis-
persion relation is =hown in Fig. 1(h). It & of import
to mote, for later referemce, that right-going electrons
I:m'n: |i.“'| = |J.R| ared that ot the subbapd threshold

'| l
i“ the ac-blased reglon, H = Mz + Hy, the transverse
part H, = —8%/8y® + Voip), and the longitadinal part

- T . ) 1 a
H,[!:I_[:—ia+ 3 M-::) _Emr'r]' (2}

The form of Eq. (2) suggests an effective vector po-
tential, A(t) = 4afz.t|M -z, which depends on the
spin and gives rise to o spin-resolved driving clectric
feld E = —0A 3. However, in H,. the A% term
itoes ok depend on e, while for tle term linear in A,
A, = =§Npair, i)y, gives e only to a trivial spin
dependence, which can be eazily removed by s shilt in
the origin of tioe for the case of an scillatory afr, 8.
Yet it turns out that the full term lincar in A, given
by —ias - A, manages Lo give fse o pootrivial spin-
resolved transmisslors. Tnoa perturbative sense, this term
I:remmnﬁkﬁ” Az, for the case of a right-golng electron in-
cident upon a spatially wmiform adf]. This renders the
effective longhtudinal driving feld to become spin depen-
dont.  As & eonsequence, the diffevence in the carment
tramsmissions, f spin up and spin down cases, is pro-
portiomal 1o og, and the difference is found to be amph-
Bed by RIS, In a ROC that has zero source-drain bias,
the spin-resolved current transmiszion leads readily to de
spHin current, bat it cannot bead to de charge current if the
ROC s svmmetrie with respect to its sonroe and drain,

An alterpate way to understand the arigin of the spin-
resolved current transmission is preseoted i the follow-
ing. Performing o unitary transformation ¥, (2.0 =

X [1r'rr.=."2] Joyai(a o) n'-r‘] a0} the Schridinger
eoqieation. . (20, lecomes

[-%1-! {N+Ug ru] g.l,l_.ri‘]—l%l, {r. 1), (1)

of which the two timedeprmdent  potentiale  are
Uhit) = —odr. 0P/, and U2(t) = (Qoy/2) iz +1/2)
v (TR + e ® (2], Even though anly 175 depends on spin,

)

both the term in U] that oscillates with frequency {2
and U together constitute & pair of quantum pumping
potential that pump SC. This is our major finding in this
worl: that spin pumping nature k= bdld-in even n a sin-
ghe FG configuration. Its origin is rooted in the intricate
Rashab =pin dynamics,

The expressbon for the pumped SC, dn the aheencee of
the source-drain bias, s obtained from the 5C density
PETALLE

; |
i,

The SC copservation & maintained dues o the supression
of subband mixing inoa [ROC, and the assockaned spin-fip
mechanksin, By taking the time-average of the transmit-
ted and the icident SC in Eq (4}, and thelr ratio, we
abtam the spin-resolved current transmission 7 . where
ir, (3, are, respectively, the incident apd the tramsmitting
lead. Summing over sll poesible incident states from both
reservoirs B oamd L, the et 3C is given by

. _g-;-}, fag M}, (4)

r=msp
f dE f(E) [(Th = The) + (The = The )] )

where f{E) t= the Fermi-Dirac distribation, and TF, =
¥ Emipmon Toar. The transmision coefficient

it = [t :L| A 107 g denodes e current Eransmis-
siom that an electron incident from terminal £ in the spin
chanpel o, subband n, epergy E, is scottered into termi-
nal R, sideband m, with kinetic coemgy 5™ = jig -+ mell,
The net change current is simply given by 19 = [T - [,
In & symmetric time-dependent PG eonfiguration, we
have Ty = Tg. 5o that the net spin current i= [* =
2 [ dE f(E| {T}u - T,'”_} and the net charge current s
il ieally e,

Before we demonstrate numerically the robusiness of
the SC pumipdng, it s wortlwhile to Arst look at the wealk-
pumping regims, which affords ns analytical results, To
this ened, the seattering amplitudes are restricted o in-
clude oply up to the sidebands m = £1, that & up to
first peoweer in oy, For an clectron incident with wave
veckor k2 g from termioad L, the spin-resalved reflection
wmplitude s obtained w be

J.m.ﬂ'

T -1 [=ke j.-:' E
i ==mne () [r JL—R- 3 (0)



for m = 41, The meflection amplitde "TL. i of order
nl_ and = pegligible in our weak-pumping approging-
tion, Here the wave vector k7' g | = 2™ 2,
with upper {lower) sign corresponds to the right- (k-
miowing edectron in the ath subband, mth shdeband, and
witl kinetic emergy @™ It i odwious then thar differ
ences hetween wave vectors of different sideband indices,
but of the same spin state, are spin independent. Henee
the spin dependence of rfﬁ arises solely from the k7 .
in the mmmesatar tleat does not voelve s wave vector

[~ os (5 + VI )] [{D (§00 - e

differewe,  Furthermons, this spin dependence 15 aso-
clated with ap. It 15 not wmexpectead then that the SC
is proportional te og. The 5C = related bo the current
transmission which, within the aforementioned appro-

imation, & given by T3, = 1 - ¥, [H ]

where RT3, = |r"LL| Vi e, From Eq. (5), the

ey dervative of the z{'m temperature 3C is given by
OF* [OF = 2AT gy = HTL —T}, ) from which its explicit
expresalon = given by

arr 1
3E E“”“R'E ...E.
)

Thiar this O sl ﬂl\‘fm-.t w Ty Jt:‘ w 0, for w0,

exhibits the RIS feature wnambilgonsly.
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FIG. > Spl:n-:rmﬂlrrd ciirreml Liansinissions T,ru_ {salid) and

Thy (dashed) versus the iscident energy /5. Parameters
N =1, ap =013, 1F = 0002, [ = 20, aped with orp = (&) 003,
ik} 0.0, amd ic) 005, The cormesponding de 5C is plotted in
{d}.

In the following, we present results obtained from solyv-
ing the time-dependent spin-orbit scattering exactly, in
the mumerical sense [15), Physical parameters are cho
sen to b consistent with the InGaAs-InAlAs based nar-
row pap beterostroctures sacl that the electron density
i, = 1% 102 e, effective mees m* = 004, and
g = (L13 (Rog = 3 % 1071 &V m) [, Accordingly, the
length unit ¥ = 40 nm, amd the eoergy unit £* = 50

Hn'l.-"F!r

el

Faosr the case of one FG [,"f' = |} I['rrnrrm.' |.'||-.p¥-|:||inr'||.-:'e
of the spin-resolved tramsmisston Tg, 1 plotted in Flgs. 2
ial-(c), and that of the corresponding de 5C i plottod
in Fig. 2 (d). The FG width | = 20 (80 mm], driving
frecueency = ¢ (1 = {1/27 = 28 GHz), and enengy
g = E—zg. Dip features In T3, at p/il = 1 ame the
QBS features, where electrons undergo coherent. inelastic
scwttering toa QS just bepeatl its saldand Totiom [12].
Higer arder QBS features at p /T = 2 are barely shonm
by the small peaks, OF particular intersst is the li'l:II:I.IlFt'
in sign i the transmission difference ATgy, = T, — T,
acrosa the dip strectures, namely, ATgplp = =) = 0
while ATpe (p = %) = 0. This kesds to a nonzero de
SC. and that it peaks at o/ = 1, & & exhildted in
Fig. 2(d). It is also shown that the de SO increases with
thie ceacillzal ing :|.|n|:||LIIh|-e'r.||_ ol the -l e I.Hr]r'.lgr-.

The possibélity of ronlinear enbancement n the de SC
by two FGs (Y = 2} iz presented in Figs. 3 (aj-c). The
drivig fregquency s chosen to be §F = D0 (12 == 14
GHz), and the FG widih ! = 22 (=~ 54 nm). For compar-
isom, the & = 1 FG trapsmissions are plotted along side
with that of the N = 2 FG case, in Figs. 3 {a), and (b, re-
spetively, The corrsponding de SO expresss] in terms
of pumped spin per evcle Nj = (27 /12, 12 shown in
Fig. 3(c). The pumping is optimized by a cholor of the
FO separation. with the sdze to edge separation Al = 22
That nonlinear effects are significant is supgortsd by the
appearance of up to the fourtlesideband QRS dip st
tures ln Fig. 5(b). A= indicated by arrows, the pomped
spin per cycle peaks b o0 = LET (1.92), ond with peak
widoe LR (001 For the caseof N = 2 (N = 1) FG. The e
bancement in N is ponlivear, far greater than doulding
the N of N =1 FG.
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FIG. 4: Pumped de SC versus af for various ap values. Other
parameters are =000, § = 20, and p= 0

[n Flg. 4. we present the dependence of the de 5C
peak values on the pumping parameters og and ag, and
o the ease ol one PG, The mmerical resulis, depicted
by solid curves, colnclde nicely, in the small oy regime,
with the e sideband approximation resultz, depleted
by broken curves, and caleulated secording to Eqg. (7).
This confirms that the de 5C & proportional to ogod
in the wesk pumping regime. Moreover, deviation of the
pivimerical pesults from the Wk pamping belavior sets in
at smaller o) values when ap increases. Typieal degree

of deviation can be inferred from the case of og = 0.1
amd g o= 001, whers the deviation ol de 5C Al =
| e |0 0,16, We also find that, as
0 devrenses, the degree of deviation nereases, ndbeating
the nevd to include more sidebands for the description of
the timeedependent gquantiom scttering.

In comchwion, & nonmagnetic way of geperading de
SC has been establisled.  The proposed configurazion,
a Rashha-type quantum channe] driven by an ac bias
ing finger gate, s relatively simpde and s within reach
of recent fabrication capability. The nature of the spin
prmiping i= stodied i detail and it= pomping meclapism
umedestond.  Resonant inelastic process 18 found o be
A major factar that comtributes to the relbastpess of the
apin pumping. The colerent natoares of the pumping sup-
piorta furtler enhapeemset of the spin pamping by io-
voking configuration consisting of more than one finger
gates,
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