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Transport spectroscopy in a time-modulated open quantum dot
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We have investigated the time-modulated coherent quantum transport phenomenon in a ballistic open quan-
tum dot. Conductanc& and the electron dwell time in the dots are calculated by a time-dependent mode-
matching method. Under high-frequency modulation, the traversing 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 just beneath the subband threshold in the leads. Dip structures or
fano structures i are their signatures. Our results show structures dué éifltersideband processes. At the
above scattering resonances, we have estimated, according to our dwell time calculation, the number of
round-trip scatterings which the traversing electrons undertake between the two dot openings.
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[. INTRODUCTION In the absence of a time-modulated field, transmission of
electrons through a quantum dot already shows resonance
In the past decade, the quantum transport phenomenon siructures. For the case of a weakly coupled dot—a dot in
open quantum dots has received much atterftiGhThe  which electrons are separated from the connecting leads by
open quantum dot, consisting of a submicron sized cavityunneling barriers—the resonance peaks in the transmission
connecting via point contact leads to two end-electrodes, haare due to the alignment of the incident electron energy with
become an important device for the investigation of phasethe quasi-bound-stat@®BS) levels in the dot®~2 Interest-
coherent processes and their various mechanisms. The sif@ly, QBS’s of a similar nature still exist in the case of an
of the dot and the width of the leads can be controlled byopen quantum dot—where tunneling barriers between the dot
split gates. In high electron mobility samples, and at suffi-and the lead are absent. These QBS's, again, give rise to
cient low temperatures, the phase-coherent length may welgsonances in the transmission. However, dip structures,

exceed the dimension of the device, allowing electrons tgather than peaks, become the signatures for the resonances.
remain coherent while traversing the dot. When acted upon by a time-modulated potential, the

Meanwhile, there has been growing interest in the high_transmission of a weakly coupled dot was found to exhibit

frequency responses of mesoscopic nanostructures. TR@lditional resonance peaks: peaks associated with ac

time-modulated fields invoked are either high-frequencys'debandé' This is due to the alignment, albeit shifted by

electromagnetic fieldd2or time-modulated potentiafs: 2> nkw, of the incident electron energy with the QBS levels in

: he dot. Other features found in a time-modulated weakly
A number of theoretical approaches haye been develop_ed bupled dot are photon-assisted tunnefifigelectron
explore quantum transport under such time-modulated f|eld%ump331 and phase breakin§
The WKB approximation was employed in the study of pho- '

tovoltaic effect? and photon-assisted quantum transpoA. Recently, an open guantum dot, acted upon by a trans-

. . versely polarized electromagnetic field, and connected adia-
mode-matching method was developed mprof|l%21 a5 patically to the connecting leads, has been consid&ré.
well as finite-range-profile time-modulated potential&x- 1,5 5 jiahatic dot-lead connections allow an electron mode
tension of this methgd EO tlme-depend.ent field, reprgsenteﬁg the lead to evolve into an electron mode in the dot. Thus,
by a vector potentialA(t), was carried out by either sjtyations occur when an electron in the lower mode in the
neglectind® or including® the contribution of theA(t)?  dot can exit the dot without reflection, while an electron at
term. This mode-matching method was further extended tthe same energy, but in a higher mode in the dot, is trapped
accommodate spatial inhomogeneity. The time-modulateéhside it. As such, intermode transitions between the above
field is divided into piecewise potentials connected by eithetwo modes in the dot, as induced by the transversely polar-
transfer matrice or scattering matrices. Recently, this lat-  ized electromagnetic field, were found to lead to giant meso-
ter approach has been applied to study a mechanism of nonseopic conductance fluctuatioisand microwave-induced
diabatic quantum pumpirg. This pumping mechanism is resonant blocking in a mesoscopic chantiel.

due to resonances resulting from coherent inelastic scatter- The adiabaticity of the dot-lead connection holds for large
ing, which requires simultaneous changes in both the energguantum dots. But, as the sizes of the open quantum dot
and momentum of the traversing electron, by, respectivelyshrink and approach the realm of the Fermi wavelength, the
nQ and K. Here Q) and K characterize, respectively, the dot-lead connections can no longer remain adiabatic. More
temporal and the spatial variation of the modulation field.recent experimental findings in dc transport in open quantum
Encouraged by the success of the time-modulated modetots—that transport occurs through individual eigenstates of
matching method, we opt to apply the method to the verythe corresponding closed dtand that the conductance os-
interesting case of time-modulated quantum dots. cillations correlate to the recurrence of specific groups of
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whereV,(x,y) is the confinement potential, chosen to be of

hard-wall type, that defines the dot and the leads. It is given

«< L -» by V=0 if |y|<W,/2 and|x|>L/2; V=0 if |y|<W,/2 and

|x|<L/2; andV =< if otherwise. HeréW, ,W, are, respec-
FIG. 1. Schematic illustration of an open quantum dot that istively, widths of the lead and the dot. The time-modulated

acted upon by a gate-induced time modulation with two leads conpotential

necting adiabatically to two end electrodes.

V(x,t)=Vycog wt)O(L/2—|x]|)
wave function scars in the d8tindicate unequivocally that
intermode scattering and backscattering are present, resp
tively, at the dot-lead connections. The effect of impurity
should play no role here because of the high mobility of the
sample used in these experiments.

Therefore, in this work, we consider a time-modulated
open quantum dot with nonadiabatic dot-lead connections.
We calculate the dc conductan@eof a time-modulated open
guantum dot and the dwell time, of the traversing electron
in the dot. We have analyzed the resonance structur& in
associated with the time modulation and are able to catega,(x,y,t)= y,(y)e'*(®%e —'ut+2 2 Xn'(Y)Fan(m’)
rize them according to their respective dynamical processes n" m
involved. Of these three resonance types, one is analogous to ; , ; /
that found in time-modulated WeakI;F():oupled dots. It ﬁ]s as- XX~ ikn (MOX =1 (et m'w)t]
sociated with the alignment of the incident electron energy
with that of the ac sidebands of the QBS’s inside the open
dot. The second type is associated with the coherent inelastic
scattering of the traversing electron into the true bound state ~ B (e
in the open dot—bound state whose energy is lower than the 1//|(x,y,t):2 ff’k'(Y)J de[ Ay ()€ P (9
threshold energy of the leads. The third type of resonance s
structures is most unexpected. It is associated with the co- +§k,|(6)e—iﬁw(6)x]
herent inelastic scattering of the traversing electron into the
QBS in the lead—uwith energy just beneath the threshold en-
ergy of the lead. Also, from the dwell time;, we estimate
the number of scatterings that occur in the dot as the reso-
nance structures establish themselves. In all, our results dem-
onstrate the potential of establishing quantum transport as a d (XY= > xnr (Y th(m)exdik, (m')x
spectroscopic probe for the QBSs and true bound states in Lo
the open dot—and possibly in other mesoscopic structures— —i(ptm o)t] if x>L/2,
through the coupling of a time-modulated field to the system.

In Sec. I, we present our theoretical method for the Ca|where the SUbSCfiptB, andk’ are the subband indices in,
culation of G and 74. The numerical results are presentedrespectively, the leads and the dot, and is the sideband
and discussed in Sec. lll. Finally, in Sec. IV, we present oulindex. In addition, k,(m’)=[x+m’ o— (I7/W;)2]*2 and
conclusions. B (M) =[u+m o—(k'7/W,)?]¥2 denote, respectively,

the wave vectors in the lead and the dot. The normalized
transverse subband states afgy) = (2/W,)Y%sinl m(y/W;
Il. MODEL AND METHOD +1/2)] and ¢y (y) = (2W,) Y2sir[ K 7(y/W,+1/2)].

. S . . The matching of the wave functions at the openings of the
: The system under investigation is sketcmmp view) in dot, and at all times, requires the coefficients in the dot to
Fig. 1, where the shaded area denotes the region acted Upﬂgve the form

by a time-modulated potential. The dot we consider has

physical parameters typical to that in high mobility two-

dimensional electron gas, formed in an AlGaAs-GaAs het- Fer(6)=2 Fn(m)8(e—pu—m' w),
erostructure. As such, mobility.~10° cn?/V's, mean free '

pathl~1 um at sufficient low temperatures, and dots with _ _ _

submicron dot sizes would be in the ballistic regime. ThewhereF,/(¢€) refers to eitheA,, (€) or By, (€). Performing
Hamiltonian is given by the matching, and after some algebra, we obtain

dcts only upon the dot.

For the sake of convenience, the physical quantities that
appear in the following equations are dimensionless: with
energy UnitE* =Eg=# 2k2/2m wave vector unitk* =kg,
length unita* =1/kg, time unitt* =4/Er, and frequency
unit o* = 1/t*. The scattering wave function for an electron
ihcident upon the dot from thigh channel in the left lead is
of the form

if x<—L/2,

it |x|<L/2, (2)

. Vo
Xexpg —iet—i—sinwt
w
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4

V
:Z 2 Jm’—m(?0
n" m

, L
> ank'lgk’(m)[Ak'l(m)eXF( —i By (m) 5)
k/
, L
_Bk'|(m)eXF{|ﬂk'(m)§”

:2 Jm'—m
m/

Vo) ) [{ _ ) L)
; kn(m ) 5n|5mroex _|k|(m )E

—rm(m’)exp(iknr(m’)%”, 5

and

, L
> ank’ﬁk'(m){Ak’l(m)eX[{|Bk’(m)§)
kl

] L
- kal(m)exl{ =i B (m) E”

V ) L
=2 er_m(—") kn<m'>tn.<m'>exp(ukn<m’>§),
m’ w
(6)
where Eqs(5) and (6) are obtained from matching the de-

rivatives of the wave functions. The overlapping integgl
of the transverse subband states is given by

Wy /2
alk:J xi1(Y) b (y)dy (7)
—Wy/2

f fldxdy(|zp(x,y,t)|z>t.a‘: f:muz
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and the identity exjp¢ sinwt)=2,J,(2)exp(pwt) has been in-
voked. We have solved Eq$3)—(6) for the coefficients
A(m), By(m), ryn(m’) andt,,(m’). Furthermore, we
note that the sole appearance\fin Egs.(3)—(6) is in the
form Vy/w and as an argument of the Bessel functidps
This shows a general trend that the effect of the time-
modulated potential decreases with the raising of the fre-
quencyw.

In the low drain-source bias regime, the dc conductance is
given by

N
2¢?
G=—— 8
h Zl ®
whereN denotes the number of propagating channels in the

leads. The current transmission coeffici@ptffor an electron
incident from thelth channel in the lead is

1=y 3 k™)

t,(m”)]2. 9
< -~ k (0) | I( )l ( )
The current reflection coefficieiR, has a similar form and
the current conservation conditioh,+R,=1 is used to
check on our numerical accuracy.

The stationary dwell time within one-dimensional system
was well defined® However, in a multichannel system, such
as open quantum dots, we should consider not only the prob-
ability of finding the particle in the dot, but also that due to
evanescent states in the vicinity of the dot. Hence, we define
the dwell time as

JJA'G"Z/(X’y’t)F)t.adXdy

J’ dyjinc

where j;,. denotes the incident electron flux. The subscript
t.a. denotes time average. Here we note that the integral in
the numerator and its region of intere4$t include not only

the region inside the quantum d@egion Il), but also the
evanescent modes on both the left-hand siégion ) and

the right-hand sidéregion Ill) of the dot. Hence, the time-
averaged probability density in the numerator of Ed) can

be separated into three integrals, expressed explicitly as

(10

Td—

dxX, X |rp(m’)[2e?sn (m)x, (11)
n m

L2
| | dxagipoxy.ola- f_mdx% 3 {Ai(m)AL (M) exi (B (m') = B, (m')x]

+ By (Mm')B, (M"Y e B (M) =AM 2R A, (') BE, (M)l Brr(m)+ B (]

(12
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and

f fl (Axdg g0y, D)= f;de 2 [tan(m') |2 exd — 2k (m")X], (13)

where the indices’ andm’ in the summation for regions the closed dot. For an open dot, the energy spectrum consists
I and Il include only the evanescent waves, arg(m) of both true bound states and QBS’s corresponding either to
= —ik,(m). Substituting Eqs(11)—(13) into Eq. (10), we  electrons with energy: less than or higher than the thresh-
obtain the average dwell time of electrons in the open quaneld energye, in the lead. As such, there are only two pos-
tum dot system. sible true bound states in the open ddiz;~E(1,1)
=0.361 andEg,=E(2,1)=0.694.

lll. RESULTS AND DISCUSSION In Fig. 2, the conductance characteristic is studied as a

IIunction of incident electron energya) in the absence of

In this section, we present our numerical examples fot. dulati i ‘ ad) i
exploring the time-modulated effects on the quantum trans. ¢ moaulation, as a comparative reterence dne(d) in

port in open quantum dots—the conductance and the dwell® Ppresence of time modulatiqn with gngular frequencies
time versus the incident electron eneggy In the following, ~ ©/&1=0.1, 0.3, and 0.5, respectively, which also correspond
we choose energy unE* =9 meV, length uni@* =8 nm, to frequenC|esf_=w/27_7221.4, 64.2, and 107 GHz. This fre-
unit of angular frequency,* =13.6 Trad/s, and the effec- duency range is typical for current experimetftan addi-
tive massm* =0.067m,, wherem, is the free electron mass tion, the modulation amplitude is chosen to ¥g=0.1¢,;
of an electron. The geometric parameters are chosen suéf=0.09 meV). There are three dip structures common to all
that the widthw, =10(=80 nm) for the leads, and the width four plots. These dip structures occur at energig's
W,=20(=160 nm) and the length=30(=240 nm) forthe =2.364Eq;), 2.672€q,), and 3.208Eq3). These are as-
open quantum dot, which is typical for current experimentalsociated with the alignment of the incident electron energy
fabrication. It is convenient to definé?=u/s; wheree,;  with that of the QBS levels inside the open dot, as is indi-
=(w/W,)? is the first transverse subband level in the leadscated by the open triangle symbols locating the closed dot
Then the integral values of stand for the number of occu- E(1,3)=2.361, E(2,3)=2.694, andE(3,3)=3.250. The
pied subbands in the leads. corresponding dwell time of these QBSs are, respectively,
In the absence of time modulation, the quantum states of ,~73.5  26.7, and 69.0 ps, as shown in Figa)3These
the open quantum dot associate closely with the bound statggyell time peak structures confirm the resonant nature of the
of the corresponding closed dot with the same geometry. FQfiates inside the dot.
a closed dot with |efz?9t”L and ngt.h W, the bound-state Another interesting feature in Fig(l® are the side-dip
energyE, s = (n,ar/L)"+ (nym/W,)" is labeled by a pair of stryctures around the QB , which are associated with
quantum numberriy,ny). Then we may obtain the rescaled ejectrons at incident energy: that are able to make
bound-state levelsE(ny,ny)=Eps/e1=n/9+n/4 inside  mphoton intersideband transitions into thia QBS level.
The condition is

1.0 1
~08 ] I
= o6 ] . 200 @® ®
tq\l) 0.4 {1 ] 150
~ ~~
v 02 1 1 & 100

0.0 A @1 aa a ®F :,:., 50

10 [ 1] Y A A A l %&—1
~ 08 1 1
< o6 ] 200 © @
N 04 ] ] 150
O 0.2 ] ] g 100

0.0 aa a ©fH Aa o @] o 50

1.0 1.5 2.0 25 30 35 40 1.0 15 20 25 3.0 35 4.0 ©
”/81 ',],/81 Y A A A 3 A A A
1.0 15 2.0 25 30 35 40 1.0 15 2.0 25 30 35 40
FIG. 2. Energy dependence of the quantum dot conduct@nce H/Sl H-/Sl

in the lowest subband as a function of incident electron engrgy
in units of 1, for cases of(a) no external modulation(b)—(d) FIG. 3. The dwell timery of the traversing electron is plotted as
modulation amplitude/,=0.1e4, with angular frequencieg) a function of the incident electron energy in units of ¢,. The
=0.1g4, () 0.3¢,, and(d) 0.5¢;. parameters are the same as in Figs)-22(d).
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mt+mho=Eg;, (14

where the positiven and negativem indicate, respectively, ; 5 : 5 5
the absorption and emission af photons. Hencen=—1 = | it JiR- || R ——
side dips are aju/e;=2.465, 2.770, 3.309m=+1 side E 5
dips are aju/e,=2.165, 2.574, 3.110; and= + 2 side dips
are atu/e,=2.266, 3.008. Then=—2 process in the vicin-
ity of the Eq; state is barely identified and is at/e;
=3.411.

Two additional types of intersideband transition mecha- 4-|
nisms are found in the low-energy regime in Fig. 2. As is
shown in Fig. 2d), where the frequencw=0.5¢, is high
enough, the electrons with/e;=1.087 may emiti» and
make transitions int&Eg,—the true bound state in the dot.
The electron dwell time of this structure {§=216.6 ps, see  _
Fig. 3(d). In addition, electrons may also emit photons to
make transitions into a QBS formed at energy just beneath ¢
subband threshold in the lead. This mechanism is identifiec
to be the fano structures at/e;=1.028, 1.233, and 1.435,
as shown in Figs. ®)—2(d), respectively, where L 5 : 5 : : :
—w)leq is close to 1 from below. Correspondingly, the T B 7 R S (1 N -
dwell times of these structures amg=23.0, 125.5, and 5 3 : : :
200.2 ps, see Figs.(l®—3(d). More precisely, these struc-
tures correspond to electrons that erib to wu/e;=0.93 : A ; 5
and are trapped temporarily to form QBS’s in the lead. - A ‘ ~ { -l ~ B

To provide further evidence for the above two transition Fo : :
mechanisms, we plot, in Fig. 4, the spatial dependence of the 5
time-averaged probability density. The parameters are cho
sen to be the same as in Figd2 When the electron incident
at energyu=1.0854,, as shown in Fig. @), we see that
the time-averaged electron probability concentrates entirely 0
within the dot and is like &2,1) state. This supports the fact —40 -30 -20 -10
that the electron is trapped in a true bound state in the dot.

Second, when the electron incident at energy 1.4353: 1, FIG. 4. (color onling. The spatial dependence of the time-
the electron probability has long exponential tails extendingaveraged electron probability density) w=1.0854, and (b) u
into the leads. The edges of the dot arexat=15. This = =1.4353,;. Other parameters are the same as in Fig).2The
demonstrates that the electron has made an intersidebaadges of the dot are at=*15.

transition, by emitting one photon, into a QBS in the lead
whose energy is just below the threshold energy. We hav
also checked that a similar process can be found even in
time-modulated or_1e—d|men5|onal quantum weI_I connectingy ation forr, could be improved by considering the effective
to leads. A traversing electron can make intersideband transiaciron velocity in the dot, rather than in the lead. But we

sitions to QBS’s in the leads or to true bound states in th%xpectNSC to remain of the same order of magnitude as

2—4__

10

x O
-
o
n
o
w
o
N
o

2.0, and 7.2, respectively. In light of the above analysis, we
Can see that two round-trip times are already sufficient to
rm a significant QBS level inside the open dot. The esti-

38

well . ) ) shown here. Moreover, thH. obtained here is the lower
To better appreciate the meaning of the dwell time, weygund to any such improved estimation.

define the number of round-trip scatterind,, undertaken It is knowr?? that the strength of the time-modulated po-

by the traversing electron. It is the ratio of the dwell timg  tential depends on the ratio &f, to w. As a result, for a

to the ballistic timer, the electron takes to go between the given amplitudeV,, the sideband dip features are suppressed
two dot-openings. The ballistic time for electrons traversingwith increase in the modulation frequenay This is illus-
through the quantum dot is simphy~L/ve, Whereve de-  trated in Figs. &) and Zd). On the other hand, if we fix
notes the electron velocity and is given by=%k,/m. We  V,/w=1 in Fig. 5, and choose the modulation amplitude to
consider the electron incident in the lowest subband and thee V,/¢,=0.05, 0.1, and 0.2 for Figs.(®-5(c), respec-

the electron ballistic time is given by,=L/(u—e,)¥2in tively, we can see the side dips due téa intersideband
units of t*. Hence, in Fig. &), the main peaks ati/s;  processes in all the figures. This assures us\dt is an
=1.085, 1.435, 2.365, 2.673, and 3.210 correspond to thgnportant index for photon absorption and emission pro-
ballistic times,=24.0, 16.1, 6.01, 5.43, and 4.72 ps, re-cesses. Furthermore, the QBS levels that associate with a
spectively. The correspondingy's are, respectively, 216.6, fewer number of round-trip scatterings may be merged with
200.2, 71.8, 21.8, and 67.9. Therefore, we obtain the numits nearby sidebands, forming a broadened dip structure: such
ber of round-trip scatteringsNg=74/27,~4.5, 6.2, 6.0, as the wide-dip structure at/e,=2.672 in Fig. %a). In the
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10 i ' ' ! i To conclude this section, we note in passing that despite

1 of wide dot openings, electrons traversing through the dot
are still effectively mediated by just a few bound states of the
corresponding closed dot structure. Our results show that the
conductance spectra for a time-modulated open dot show
more intersideband structures than those associated with the
bound states of the corresponding close dot. We believe that
these mechanisms should find their way of manifestation in
the time-modulated phenomena of other nanostructures.

IV. CONCLUSIONS

In this work we have extended the time-dependent mode
matching approach to the study of quantum transport in open
quantum dot systems. We have calculated the conductance,
the dwell time, and the spatial distribution of the electron
probability and their dependence on the modulation ampli-
tudes and frequencies.

In conclusion, we have shown three types of coherent
inelastic scatterings in a time-modulated open quantum dot.
We have demonstrated the potential of establishing quantum

10 15 20 25 30 35 40 transport as a spectroscopic probe for the QBS'’s and true
We bound states in an open dot through the coupling of a time-
1 modulated field to the system.

FIG. 5. Conductance is plotted as a function of electron energy
w for a fixedVy/w=1.0. The values o¥, (or w) are(a) 0.0%4,
(b) 0.1¢4, and(c) 0.2¢4, respectively. ACKNOWLEDGMENTS
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