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Influence of transverse interdot coupling on transport properties of an Aharonov-Bohm structure
composed by two dots and two reservoirs
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We derive the modified rate equations for an Aharonov-BdiB) ring with two transversely coupled
guantum dot§QD’s) embedded in two arms in the presence of a magnetic field. We find that the interdot
coupling between the two QD’s can cause a temporal oscillation in electron occupation at the initial stage of
the quantum dynamics, while the source-drain current decays monotonically to a stationary value. On the other
hand, the interdot coupling equivalently divides the AB ring into two coupled subrings. That also destroys the
normal AB oscillations with a period of 2, and generates new and complex periodic oscillations with their
periods varying in a linear manner as the ratio between two magnetic fleaek penetrates one AB subring
increases. Furthermore, the interference between two subrings is also evident from the observation of the
perturbed fundamental AB oscillation.
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[. INTRODUCTION case of zero magnetic field. Then, we study the quantum
dynamics of the coupled QD system in the presence of a
Recent advances in nanotechnologies have made it pogiagnetic field, and reveal that the AB oscillations of the
sible to fabricate quantum ddQD) structures with geo- current, flowing through the two-coupled-QD structure, can
metrical dimensions smaller than the elastic mean free path§till be observed even in the stationary case, where the
Therefore, electron transport in such small structures is baflectron-occupation probabilities in all states are constant.
listic and its phase coherence can be sustained. Many studié¥s0. it is shown that by forming two coupled subrings the
on the coherence in a coupled QD system have been Ioelgqte_rdot coupling destroys ther2period oscnl_atlpn of _the_
formed both experimentally® and theoretically:® Yacoby statlon_ary c_urrent and generates a new per|oq|c oscillation.
et all® and Schusteet al! reported the experimental obser- 'S Period, independent of the strength of ,the interdot cou-
vations of the transmission phase through a QD embedded !?1"”9 and t.he tqnnelmg rates between .QDS and reserviors,
one arm of the Aharonov-BohiiAB) ring. In this setup, the Increases in a linear manner as the ratio between two mag-

dephasing induced by a “which-path” detector has also beer51etic fluxes(each penetrates one AB subring divided by the

investigated by Bukst al 2 Their study shows that the vis- interdot coupling increases. On the other hand, the interfer-

. . ) . L ence between two subrings is also evident from the observa-
ibility of the oscillatory signal is affected by the sensitivity of

. - o tion of the perturbed fundamental AB oscillation.
the detector, which verifies the complementary principle for

fermions. Very recently, Holleitneet al®* measured the AB
oscillations of the mesoscopic ring with a QD inserted in
each arm, and found that they displayed the magnetic-field The coupled-QD system that we study here is schemati-
dependence of the coherently coupled states. Theoreticallgally illustrated in Fig. 1. A mesoscopic ring is connected by
this has been discussed by g and Gefert? Also, Loss  two reserviorgsource and drajnwith two QD’s(dot 1 and
and Sukhoruko?? theoretically studied the phase-coherent

current in vertically coupled QD’s. However, these studies

have not yet explicitly shown the quantum transient dynam- Hs Hp
ics of the coupled QD system.

Il. THEORY

Using modified rate equations, Gurvitz and co-wotRéf 2
systematically investigated the transport properties and the
dephasing in horizontally coupled multiple QD systems. Mo- 3

tivated by this work, we study here a transversely coupled
QD structure embedded in an AB ring, which is then sand-
wiched between source and drain reserviors by Gurvitz's
methods. We derive the modified rate equations for this sys-
tem in the presence of a magnetic field. First, we show the
temporary evolutions of the electron-occupation probabilities F|G. 1. Schematic illustration of the coupled-quantum-dot struc-
in all states, and find that the tunneling of electrons back an€lire sandwiched between two reserviors, whegedenotes the in-
forth between dots 1 and 2 is going to cause a temporakrdot coupling. The right part shows the four classical channels for
oscillation at the initial stage of the quantum dynamics in theelectrons to flow from the source to the drain.
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dot 2 inserted, one dot in each arm. The chemical potentials

of the source and the drain are denoted by and up, [W(t))=| bo(t)+ X by (t)ala
respectively.T'} (I's) and T} (I'R) represent the rates of "

electron transitions from the source to dofdbt 2 and from

dot 1 (dot 2 to the drain. The interdot coupling, between + X burm(t)affa?awaﬁE bia(t)ala
dots 1 and 2 divides the mesoscopic ring into two subriihgs I<t’r<r! !

and Il). Through each subring there exist the magnetic fluxes

®, and®d, threaded, respectively. In the presence of a mag- + > by(tajalaa; + 2 ba(tala
netic field, the Hamiltonian of the coupled QD system with I<I’.r !

source and drain reserviors included can be writtéfi'ds -
+ 2 bya(tatalaa

1<’ r

_ Afa. i T
= Ta,+ it +H.c.
H= 2, EalatQole?matHe) + > byAalajaay +- - [|0), )

<1’
+ > (leei(f’jla;[aj+Tj2ei¢j2a;aj+H_C_)_ (1)  whereb(t) are the time-dependent amplitudes of finding the
j=hr electron in the states defined by the corresponding creation
and annihilation operators. The quantum evolution of the

Herea! (a;) is the electron creatiotennihilation) operator ~Whole system is described by the Sdffirger equation
for the basis statg), andl (r) labels sourcédrain reservior.  {|¥)=H|W¥). In the four-dimensional Fock space, consist-
T,; (T}2) represents the coupling between dofdbt 2 and ~ Ing of statega), |b), |c), and|d) (in these states or levels,
the reserviotj (j=1,r), &;1 (¢;,) is the phase of the path Ei andE; are both empty, onlf, is occupied, onlyE; is
from reservioi to dot 1(dot 2), and ¢, is the total phase of 0ccupied, and bottE, and E, are occupied, respectively
the path from dot 1 to dot 2. It is evident that the total the elements of the density matrix(t) =|W (t) (W (t)| can
magnetic flux® through the mesoscopic ring is equal to be written as

®,+d,, and the corresponding reduced flux is defined by

¢: ¢1+ ¢2: 277(1)/(1)0, W|th ¢1: ¢|1+ ¢12_ ¢|2, a.nd ¢2 Uga: _(F&+I‘|2_)O'ga+r§_{0'ggl+]__‘50'2‘;1
== i1~ b1t b2 i(br1=do) 'R N—1 . A=i(d1— )R n—1
As shown in the right part of Fig. 1, there are four clas- ettt poe, T h e R T o,
sical channels 1, 2, 3, and 4 for the electron to transport from (4a)
the source to the drain. The phases accumulated in these
channels are denoted bP,=d¢;1— b1, Po=dd1+ b1 opy=—(T5+TR ol +iQq(e ?120] — e "P1267,)
—¢r2, Ps=dio— 1o 1, and Py= o~ ¢byp, respec- S b= TL 1 (b= )R 7.0
tively. The possible phase differences between two of them —[e T2+ e N 2l o, /2
are —[€l(bn=dDTL 4 (B @R (4" 12
L _n R _n—1
a=P1-P=P3=Py=—d1 ot b2, (23 st e b
ote=—(TI+ TR ol +iQ(e 1207, — el *120] )
pp=P1—P3=Py—Py=¢1+ d1o— b2, (2b) I P) RS [COPR oy L S L

_ [ei(¢|1—¢|2)1"|i2+ ei(¢r1—¢r2)r|§2]0-nb/2
bc=P1=Ps=dj1— ¢r1— diot b2, (20 ¢
+T305.+ T oG " (40

$o=P2=P3=di1— diat2d1ot 1~ 2. (20) o= — TR+ TR o+ Thol + ol +el(@ndrl gn

—i(d11= L o
Thus the current through the coupled-QD system should in- +e Fraome, (4d)
clude the sum of the cosine functions of these phase differ- i L iais N N LR L
ences since the electrons, traveling through the four chan- Ipc=ieopctie” 120 g(opp—0oc) = (i +I5+1;
nels, are going to interfere with each other. Ry N 1o [aildi—d)TL 4 ai(éri—d)TR
For simplicity, our discussion is restricted to the zero- FT)oyl2-[e iyt elfn o)
temperature case, and the system initially remains in a X (ot ol)/2. (40)
vacuum statg0), where the states of the source and the
drain are filled up to their Fermi levels, respectively. TheHere the indexn denotes the electron number in the drain
wave function of the entire system can be expressed in thende =E,—E; is the energy detuning between dots 1 and 2.
occupation number representatiort®d$ Ti=27Tip. (Ts=2aThp) and TR=2xTZpg
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(T'8=2xTZ%pg) are the rates of the electron tunneling into 40.5[ @
dot 1 (dot 2 from the source and out of dot(flot 2) into the £ | -
drain. The coherent terms are given BY,=27T,T ,p, © 0.0¢
= \TIT5 and'},=27T,,T,,0r= TSl 5. By summing up o5 2
over n in Egs. (4) we obtain the time-dependent reduced i
density matrices of the whole system, 0.0 o)
08¢ i)
(-Taa: _(F&+Fl2-)o'aa+r?0'bb+F2RUcc+ ei(qbrl_d)rz)l—‘?Za'bc 0.0 ’
+e—i(¢rl_¢r2)r‘§za-cb’ (Sa) 0.5l // ........................... (a)
/
opp=— (D5 + TR opptiQo(€' 1207~ €™ 1200p) + o, %% 5 10 15 20
+T8ogq—[e (P 2+ e (9= TR 1oy /2 t
Cra—i(d1—d)TL i(dr1— i) 'R FIG. 2. Electron-occupation probabilities,,, (dotted and o
[e T ATyt e 2T 15l on/2, (5b) (solid) as a function of time (in units of 1£)) for different inter-
. L R ) » ) L dot couplings(a) Q,=0, (b) 0;=0.25, (c) Q7=0.5, and(d) Q,
oee=—(P1+T3)0cctiQo(e™ P20~ €'%200,) + 500, =1. The parameters used for calculations &fg=0.4 andI'}
—_1L_1TR_
+TRogg—[e (1 42Tt 1 e i(bn= 6 TR 5 1o =I';=I3=0.1.
—[€l(®1¢TL 4 6i( @1 6DTR 5 12, (50) the two dots is kept 0. The two subringsand 1l) of the

mesoscopic AB ring are threaded by magnetic flukgsand
®,, respectively. The phases associated with these two sub-
rings are written asp;=A ¢+ ¢4, and p,=Ad,— P10,
+e*i(¢|1*¢|2)]"|i20-bc, (5d) with A= ¢pj1— ¢y qndA¢,=¢r2—¢,1. Here we choose
d1lPp,=Ap AP, with ¢1,=0 and the tunneling rates
I'i=0.4 andl'f=T5=rf=0.1.

First, we investigate the quantum dynamics of the coupled

oga=— (TE+T N ogg+ Ts0pp+ T oect+ € P 42T oy,

b’bCZ igopti Qoefi‘l’ﬂ(abb— Occ) — (Fli"' F?—i— F'é

+TR) oy J2— [P~ 2T+ el (b1 ¢ R QD system in the case of zero magnetic field, as shown in
Fig. 2. Time dependences of the electron-occupation prob-
X (oppt oec)/2. (5¢)  abilities o, and o, in states|b) and|c) are shown with

The diagonal matrixo;; (i=a,b,c, andd) represents the dotted and solid_ curves. When the interdot coupling
probability of finding the electron in the corresponding statet*o=0. the pmba_b'“t?fabk{ Is larger tharog; att+0 because
i) and obeys the probability conservati®o;=1. Be- & stronger c.oupllng“l_ will guide ele.ctrons to enter dgt 1
cause of the last term in Eq(d, the nondiagonal density- faster[see Fig. 2a)]. Figures 2b—d display the probability
matrix elementr, . shows different behaviors of damping, as evolutions for the different interdot couplingk,= 0.25, 0.5,

derived as tunnels back and forth between dots 1 and 2. By a close look,
one can find that the oscillation period of the curves in Fig.
) . ) ) 2(c) is twice that in Fig. 2d). This is in accordance with the
l()=lc+I D=e; N(ogatopptocct oga),  (6)  relation€! |a(t)|2=co(Qqt) and |b(t)|2=sirA(Qqt), which
reveals that the oscillation period will be shortened by in-

where the magnetocurrent is given by creasing the interdot coupling. Also, one can see that prob-
i abilities o, and o become constant after sufficiently long
lc=el e (P ?2dg  +H.cl, (7)  time, indicating that the coupled QD system has evolved into

a stationary state. Numerical results also show that the prob-
ability o,, decreases andyy increases at the initial stage
_ R R R, TR and they become constant in the stationary case, which are
lo=ell1oppt I20ect (I +172) 0gal, ® not plotted in the present paper.
which is not apparently related to the magnetic field. Further- In Fig. 3, we plot the current flowing from the source to
more, the magnetocurrent can be written &S]EECOS@H the drain as a function dfin the absence of a magnetic field.
— ¢, +A) if we assume the coherent term to bg.= 7e'. For the sake of comparison, the currents through the single-
dot structure[see the inset to Fig. (8] and horizontal
IIl. NUMERICAL CALCULATIONS AND DISCUSSION double-dot structurdsee the inset to Fig.(B)] are also
shown in Figs. 8) and 3b), respectively, where the tunnel-
In what follows, we numerically solve Eqs(éd—5(e) to  ing rates between QD’s and reserviors are chosen to be 0.1
explore the quantum dynamical behavior of the coupled QIand the interdot coupling is 1. Both of the currents, through
system. In our calculations, the energy detuningetween these two kinds of structures, become constant at large

and the direct current is
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FIG. 3. Evolutions of the currents through the single-dot struc-2PP€ars at the phase of This fact verifies again that there
ture (a), horizontal double-dot structu@), and transverse double- 1S @n accumulating phase around the mesoscopic ring even
dot structure for different tunneling ratés) T:=0.1, (d) 0.2, and I the absence of a magnetic field. In sharp contrast, the
(e) 0.4. The interdot coupling is selected to be 1 alg=T5=IR} features of the mesoscopic transport change substantially as
=0.1. The timet is in units of 14),. the interdot coupling turns on in our AB ring. As clearly

shown in Fig. 4, the fundamentaln2period oscillation be-

omes weakened, and its periodicity#£Ris also disturbed a
\gi[et\tle bit. At the same time, a new and complex oscillation
appears with a period of 6. Obviously, the latter stems
f_from the AB effect of the AB subring threaded by fldxs,
éince<b2=(¢1+ ®,)/3. From Fig. 4, one is also aware that
such perturbed AB oscillations keep their main characteris-
tics unchanged, and are irrespective of the interdot coupling
strength and the tunneling rates between the reserviors and
QDrs.

Therefore, we further investigate the periodicity of the
stationary currents for different flux ratiek, /®, with Q

t when the states of the systems become stationary. Also,
can see that the current through the horizontal double-d
structure exhibits transient oscillations at smallwhich
stems from the coupling between the double QD’s. Very di
ferent from the above two cases, the current through th
transversely coupled double-dot structyisee the inset to
Fig. 3(c)] shows only one single peak when the tunneling
ratel“&zo.l[see Fig. &)]. The current decays eventually
to zero at large timd. This is because that the-phase
results in IC=—21;F?2, equal the current—I5. When

the tunneling ratel“& takes a value of 0.2, the current at =1 in Fig. 5. When®,=®,, the stationary current shows
large time (>60) becomes non-zero constant, equal Operiggic oscillations with a period of#. In this case the AB
1.56 (x0.066 mA), which will, hereafter, be called the sta- ogiliations associated with the two AB subringkreaded
tionary current. On increasing the tunneling réite further, by &,=d,=d/2, respectively are commensurable to the
the stationary current also increases as shown by the curve f{indamental AB oscillation, because the former has a peri-
Fig. 3(). This can be understood from a physical point of ogicity of 47 and the latter has a periodicity ofr2 As a
view. When all the tunneling rates take the same values, e.Gesyl, it is not easy to discern therdperiod oscillation with
0.1, the elgctrons mamly arrive at the drain througlh channelg,e 2m-period oscillation. One also can see clearly that it
1 and 4 with the amplitud&, = A, and the phase difference oy glves into the oscillation with the period of6 81, and
A=, which yields the zero current flowing from the source 1o in response to different flux ratiod, /®,=2, 3, and 4.
to the drain. While the tunneling ral&; takes 0.4, the other |t should be pointed out that whenevkr= @, + @, becomes
two channels, 2 and 3, become open, and the amplifyde
becomes larger thaA, with the corresponding phase be- 15
coming small. This leads to the increase in the stationary 10W\¢ 4o
1 2

We then study the stationary current flowing from the }SW/W\¢ _30
source to the drain in the presence of a magnetic field. Figure 15 v
4 displays the currentisfor different interdot couplings &t 10/\fv\/\/’\/\/\/\/\ﬂ ®, =20,

current, analogous to the electron double-slit experiment.

1/0.066(mA)

=80 under the condition®,;=2d,, F&=0.1, (solid curvesg 15

and T';=0.4 (dotted curves It is clear that the currents 10N\/V\N\A/\/\/\ =0,
shown by the dotted curves are larger than those by the solid 02 4 6 8101214161820
ones at the same reduced flgxand interdot couplingl, (])/n

verifying that the stationary current increases as the tunnel-

ing rate becomes large. In the absence of the interdot cou- FiG. 5. Vvariations of the stationary currents as a function of the
pling (Q2,=0), the stationary currentsexhibit periodic 0s-  reduced flux¢ for different magnetic flux ratios. The interdot cou-
cillations with a period of Zr. This is just the main feature pling is selected to be 1 and the tunneling rates Idre=0.4 and

of the common AB effect. However, the first current peakl'?=T5=T%=0.1.

205306-4



INFLUENCE OF TRANSVERSE INTERDOT COUPLING . .. PHYSICAL REVIEW 86, 205306 (2002

even times ofb, (e.g.,®,/®,=1,3,5...), thementioned IV. SUMMARY

commensurability makes it difficult to distinguish, for ex- In summary. we have derived the modified rate equations
ample, 8r-period oscillation from 4r-period one. On the u Y, W v v ' quatl

other hand, due to the interference between the channelsf?r a mesoscopic ring with two transver.sely coupled .QDS
and 3(see the right part in Fig.)the fundamental 2-period !nserteq in the two arms when a perpendicular magnetlc field
oscillation is also disturbed substantially as seen in the cads @Pplied. We show the temporary evolutions of the
of &,=4d,. If we assumab,/®,=n, the total phases as- electron—opcupatlon probabilities in all states and find that
sociated with the two subrings of the mesoscopic ring can b§1€ tunneling of electrons back and forth between dots 1 and
expressed as follows: 2 is going to cause a temporal oscillation at the initial stage
of the quantum dynamics. On the other hand, the currents

. n 1 flowing from the source to the drain become constant after

“h+1l . ¢2_ﬁ . sufficiently long time, implying that the coupled QD system
) ) eventually evolves into a stationary state. Furthermore, we
where ¢=27®/®,. Thus, the phases associated with thejnyestigate the transport properties of the stationary system
transports in the legs of the mesoscopic ring are given by i, the presence of a magnetic field. We find that by forming
n two coupled subrings the interdot coupling destroys the

=== 27r-period oscillation as conventionally observed in the typi-

2(n+1) cal AB effect and generates new oscillations with their peri-

and ods increasing linearly when the magnetic flux ratio in-
creases. The interference between two subrings is also

evident from the observation of the perturbed fundamental

br1= = b= — m¢- AB oscillation.

b1

Correspondingly, the possible phase differences are ex-
pressed as¢, 1/(n+1)¢, n/(n+1)¢, and (—1)/(n
+1)¢. Therefore, the oscillating periods equair2 2(n
+1)m, 2(n+1)m/n, and 26+ 1)w/(n—1), respectively, This work was supported by the National Natural Science
indicating that the period should ber?{ 1)=. This verifies  Foundation of China under Grants Nos. 10174075 and
that the oscillation period increases in a linear manner witts001CB3095-1. J.Q.Y. is also supported by the Frontier Re-
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