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Dicke effect in the tunnel current through two double quantum dots
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We calculate the stationary current through two double quantum dots which are interacting via a common
phonon environment. Numerical and analytical solutions of a master equation in the stationary limit show that
the current can be increased as well as decreased due to a dissipation mediated interaction. This effect is
closely related to collective, spontaneous emission of phofitke super-radiance and subradiance effect
and the generation of a “cross-coherence” with entanglement of charges in singlet or triplet states between the
dots. Furthermore, we discuss an inelastic “current switch” mechanism by which one double dot controls the
current of the other.
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I. INTRODUCTION traps, Dicke subradiance and super-radiance has been mea-

he i . ith a dissipati . sured by DeVoe and Brew¥rin the spontaneous emission
The interaction with a dissipative environment can CON-ra1e of photons from two ions as a function of the ion-ion

siderably modify the physics of very small systems whichgjstance. Furthermore, entanglement in linear ion traps can
are described by a few quantum mechanical states'ddhe  pe generated by the coupling ¢ew-leve) ions to a com-
may think of an excited atom that decays via the emission ofnon single bosonic mode, the center-of-mass oscillatier

a photon due to the coupling to the radiation fiellhe  bration mode?~*’ Even the generation of entangled light
influence of the environment becomes even more importarfrom white noisé® has been suggested.

if not only a single system is coupled to it but many. This The appearance of collective quantum optical effects in
introduces an indirect interaction between the otherwise intN€soscopic transport has re-gained considerable interest

dependent systems which can result in an entanglement ayit€ recently. Shahbazyan and Rdfkfiirst predicted the

. 0 . _
collective effects of the small systems. In the case of identi- icke (spectral functioeffect” to appear in resonant tun

cal excited atoms, the interaction to the common radiatio neling through two impurities, which was later generalized to

. . -~ r%cattering properties in a strong magnetic fi¥l@he Dicke
field strongly affects the emission characteristics and leads tQfact was predicted theoretically in “pumped,” transient su-

a collectlv_e spontaneous emission, the so-called SUperra%‘erradiance of quantum dot arrays coupled to electron
ance, as first pointed out by Dické nearly half a century reservoir$? and in the ac conductivity of dirty multichannel
ago. quantum wires in a strong magnetic fiéfd.

The influence of a dissipative environment on a single In this work, we focus on coherent effects in mesoscopic
two-level system, the smallest nontrivial quantum systemfew level systems. As a realization, we choose two nearby
has been studied extensively with the spin-boson nfodelbut otherwise independent double quantum dots coupled to
where the environment is modeled by a continuum of harthe same phonon environment. We study the influence of the
monic oscillators. Especially useful for the experimental re-esulting indirect interaction on the transport properties and
alization of two level systems are coupled semiconductofalculate thg stationary current. Signatures'of super-radiance
quantum dots as these allow tuning of the parameters over@nd subradiance gfhononsare predicted which show up as
wide range®1° Moreover, in these systems transport spec-2N increase or a decrease of the stationary electron current.
troscopy is possible by connection with le&d422The dis- e demonstrate that this effect is directly related to the cre-
sipative environment is given by the phonons of the sampl@tion ofchargewave function entanglement between the two
and governs the inelastic current through the sy<t&i3-28 double dots, which appears in a preferred formation of either
The elcton spf “or he lecron charde=" i cuanum 2 (1108 e o slet confuaton, depencing on e
g‘:;ozagfsilgg E’I‘Ze:ui‘:t%gﬁ?§f§5f8ﬂg§g%f"" d%ounglrglgauballﬁ_re xternal electro_n leads in both subsystem_s. Genera_tion of

38 dt .h bit “registers” and simol entangl_emen_t via phonons becomes attractive in the IlghF of
tum dots” correspond to charge qubit *registers” and simple o ot investigations of single-electron tunneling through in-
toy” models of N coupled two-level systems have bee”,dividual molecule¥ %8 or quantum dots in freestanditig®2

used to study collective decoherence effects in qubibng movabl&-6¢ nanostructures, in both of which vibration
reglstersg.g‘41 Furthermore, controllable two-level systems properties on the nanoscale seem to play a big role.

with Cooper pairs tunneling to and from a superconducting The outline of the paper is as follows. In Sec. Il we intro-
box have been realized experiment4fly> duce the model and our method. Current superradiance is

Coherent effects in small clusters of two level systemsdiscussed in Sec. Ill. Section IV presents current subradiance
caused by the coupling to a common environment have beeind the inelastic current “switch” mechanism. Finally, we
realized mainly in the field of quantum optics. In ion laserconclude in Sec. V.
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each individual double dot where only one additional elec-

A 'y Ten Tra tron is allowed on either the left or the right dot. The Hilbert
TN T space of theith doyble dot the_n is spanned. by.the three
many-body stated ,i) (one additional electron in thi¢h left
. ‘ dot at energy, ;), |R,i) (one additional electron in thigh
right dot at energyr;), and|0,i) (no additional electron in

r = r either of the dots For N=1 this has been provéh*to be
L2 c,2 R,2 a valid description of nonlinear transport experiments in

N NN double quantum dofs®

. ' Introducing the operators

nL,i:|L’i><Lvi|v nR,i:|R!i><R!i|!
L e A pi=ILiXRIl, pl=[Ri)L.l, )

SL,i:|o’i><L'i|! SR,i:|0ai><Rai|a

3 the total Hamiltonian can be written as

N
H= Z eLinLi+eriNri+ Tei(Pi+p))

FIG. 1. (a) N=2 “charge qubit register” with two double quan-
tum dots coupled to independent electron leédsenergy diagram
of one individual double dot.

LT R 4T R4T
Il. MODEL AND METHOD +; Skck,ick,i+z| VI,idI,iSR,i+H'C-+2| erdy;d

+> VEkiclis i+H.c.
2 ViiCrist,

Our model is a systerffregister”) of two double quan-
tum dots(DQD’s), each of which consist of two individual +2 ygi@lta_g(ni—ng) |+ wgala,.
guantum dotgcalled “left” and “right” in the following ). a q
Both double dots are coupled to independent left and righ

. . L(R) .
leads as depicted in Fig(d. Here, the electrons in modé|) with energye [} in the left

We concentrate on boson-mediated collective effects be(-right) leads pertaining to DQD are described by creation

tween the DQD’s originating from the coupling of the whole operatorssy ; (d/)), anSFEhe coupling matrix elements to the

system to a common dissipative, bosonic bath that will bd®2ds are denoted By, ™. A bqrson in modey with energy

specified below. In the following we completely neglect @q IS created by the operatar,. As in the standard spin-

static tunnel coupling between the individual DQD’s and,P0son model, we assume a simplified coupling to the quan-

more important, inter-DQD Coulomb correlations. Although tum dots which is purely diagonal with matrix elemept;

this is a severe limitation for the general applicability of the for modeq to theith double dot.

model, it still grasps the essential physics of dissipation in- S0 far, no further assumptions have been made with re-

duced entanglement. However, one might envisage configiPect to the specific realization of the DQD’s and the dissi-

rations with intradot Coulomb matrix elements much largerPative bath. Nevertheless, the system we have in mind are

than interdot matrix elements. lateral or vertical double dots, where the primary bosonic
In this paper, we choose the simplest possible descriptiofoupling has been shown due to phonons of the semiconduc-

of an environment coupling in close analogy to the standardor substrate. The microscopic details determine the tunnel

spin-boson Hamiltoniah.The results of this model for the matrix elementsT.;, Vi, and the electron-phonon cou-

tunnel current through one double dot are in relatively goodpling constantsy ; .

agreement with experimental observatiéh&® The role of

off-diagonal terms in a single DQD has been discussed B. Density matrix

recently®’ . . .
In the following, we employ a master equation description

for the time evolution of the register within the Born-Markov
approximation, which takes into account the interactions
The Hamiltonian and the subsequent derivation of thewith the leads and the bosonic environment up to second
master equation is given for the general caseNoflouble order. Alternatively, electron-phonon interactions can be
quantum dots. We study the stationary tunnel current througtreated exactly by a polaron transformafidffand perturba-
the dots with all lead chemical potentials such that electrongively in the tunnel matrix element3.;. For T ;<|e;
can only flow from the left to the right. Furthermore, we —eg;| and small coupling to the bosonic bath, the results of
restrict ourselves to the strong Coulomb blockade regime ifboth methods practically coincide.

A. Hamiltonian
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The time derivative of the reduced density majsit) of  whereg is the dimensionless interaction strength,the cut-
the double quantum dots is given by off frequency and the frequency, is determined by the
ratio of the the sound velocity to the distance between two
. t
= , ~ ~ .~ ~ quantum dots.
p(= jodt (Trresgl[He(t),[He(t").p(1) @ Ro]1} In the following, integrals oveK(t) are required as

+ Trrespl [Hp(1),[Hp(t"), p(1) @Ry p 11}, (3)

where the tilde indicates the interaction pictuke, (Hp)
denotes the interactions between the double dots and the
leads(the phonong andRy. (Rop) is the density matrix of
the leadsthe phonons Equation(3) is the sum of an elec-
tron and a phonon part since we neglect correlations between
leads and phonons. with the hybridization energy; = (8i2+4T§,i)1/2 and the en-
The trace over the equilibrium electron reservoirggEr, ergy biase;=¢ j—eg; in theith dot. The integrals are cal-
results in Fermi functions of the leads. As we are interestedulated neglecting the principal valu&We furthermore as-
in large source-drain voltages between the left and the righdume a spectral functiop(A;) such thatl'c ;—0 for A;
leads, the Fermi functions of the left leads can be set to one-0 which is fulfiled for microscopic models of the
and those of the right leads to zero. Moreover, the energglectron-phonon interaction in double quantum d6ts.
dependence of the tunnel rates

T

Ici= f;K(t)CoiAit)dt: 2 p(Ai)COt%BTAi

o) i . 7T
FS,iEfo K(Dsin(Ai)dt=—i=p(A) €)

2. Master equation

rL/Rizsz |VIIZ/iR 25(8_8k/R) (4) Inserting the traces over the electron reservoirs and the
' k ' bosonic bath into Eq(3) and transforming back to Schro
dinger picture yields a master equation for the reduced den-

is neglected. sity matrix of the total DQD register

1. Electron-phonon interaction

N
In the following, we consider identical electron-phonon b(t)=i2 [p(t),sL,inLyi+sR,inR,i+TC,i(pi+p;‘)]
interaction in the DQD’s, =1
Iy
Ya.i= Yq- Q) + T’I(ZSJIE,iP(t)SL,i_SL,iSE,iP(t)_P(t)SL,iSt,i)
Depending on the relative position of the quantum dis
eral, vertical, the electron wave functions in the dots, and
the geometry of the phonon substrdtmilk, slab?’ sheet,
etc), the yq; will never be exactly identical in real situa-
tions. Therefore, Eq5) can only be regarded as an idealized — E {[(n_i—ng),Ajp(D)]
limit of, e.g., a phonon resonator or a situation where the i

g
+ 5 (25Rip(1)Sk; — Sk Srip(D) — p(1)Sh Sw.)

distance between different double dots is small as compared +
to the relevant phonon wavelengths. —L(nLi=nR i), p(DATS, (10
We define a correlation function of the boson system with

ei wte—ﬁw+ e—iwt

K(t)= °°d _ 6 2T
() jo wp(w) 1—e Bo ©) AjEA_;J[ZTc,jFC,j(nL,j_nR,j)_FC,jsj(pj+pjT)

j
that results from the trace over the bosonic degrees of free- . ot
dom. Here,8=1/kgT denotes the inverse phonon bath tem- T1ATsi(p;=py)]. (11
perature, and the spectral functipfw) of the bosonic en-

) ) : From Eq.(9) it is obvious that the influence of the bosonic
vironment is defined as

bath enters only via the spectral functigig) as defined in

Eq. (7). All microscopic properties of the phonons and their

p(0)=2> | 74280 —wg). (7)  interaction mechanism to the electrons in the quantum dots

q are described by these functions.
Furthermore, we point out that the mixed termsj in

g. (10) are responsible for the collective effects to be dis-

ussed in the following. Without these terms, the master
equation would merely describe an ensembléahdepen-
dent DQD's. In that case, an initially factorized density ma-

e wloc (8) trix of the total system would always remain factorized and
no correlations could build up. The ternis-j introduce

For the calculations, we use the spectral function of bul
acoustic phonons with piezoelectric interaction to eIectron%
in lateral quantum dofd2°

w
1- —dsin( i)
w

p(w)=gdw g
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correlations between the different double dots, the origin of T T T T T T T

which lies in the coupling to the same bosonic environment. 1 — &9 = 30peV -
—— &9 = bhueV
Ill. CURRENT SUPERRADIANCE == g9 = 100ueV |

We restrict ourselves to the stationary case where the time«

derivative of the density matrix(t) vanishes. Then, Eq10) < 5F
reduces to a linear system of equations which can be easil&
solved numerically. Results for a single double quantum dot, +
N=1, can be obtained analyticatR/and are given for two =
expectation values below, E@L7). ForN>1, the dimension 10 ! .
of the density matrix grows as"9(although not all of the /! RN L.
matrix elements are requiredvhence analytical solutions C -7 ~
become very cumbersome. For the rest of this paper, we N

restrict ourselves to the case of two double ddis=Q), 5 - -1

c———"

called DQD 1 and DQD 2 in the fO”OWing. -50 0 50 100 150

e,

A. Stationary current
The total electron current is simplv given by the sum of FIG. 2. Total current through two double quantum dots as a
Ply 9 y function of the biass;. The parameters arg.=T;,=3 ueV,

the currents through the individual DQD's, as electrons CanTL,FFR,FFL,z:FR,z: 0.15 eV, and for the spectral function
not tunnel between different double dots. The current OPergg—p.01, T=23 mK, wy=10 eV, andw,=1 meV. These values
. 3 ’ ’ C *

tor of DQD i is are used throughout the whole article if not stated otherwise.

|i:|T°'ie(pi_ pi‘r) (12 prrrL all of which enter the expression for the current, Eq.
h (13), and the two “cross coherence” matrix elements
and the corresponding expectation values can be expressed
i i =(pip2) =(P1P2) (15)
by the elements of the density matrix as PRLRL 1P2/» PRRLL 1P2)-
2T e Therefore, we approximate the collective effects caused by
l,=— ;‘;'1 Im{p| rLL+ PRRLRT PORLO}: the effective interaction starting from the solution of the non-

interacting master equation, without the mixed termg,
and assume that only those matrix elements mentioned above
are affected by the interaction.

In the noninteracting case, the cross coherence is simply
the product of the corresponding matrix elements of indepen-

dent double dots
pii i =20il® 1 ilpli")1®]j )2, T,je{L,R,0}. (14

(pip2)=(P1)(P2), (P1P2)=(P)(p2).  (16)
The set of linear equations corresponding to Bd) for N
=2 is given in the Appendix, EA1). From the numerical These can be solved analytically,
solution of Eq.(Al) we find the stationary current through
two double quantum dots as a function of the kiasn the
first double dot while the bias, in the second is kept con-
stant, see Fig. 2. The overall shape of the current is very
similar to the case of one individual double quantum?dde, %
with its strong elastic peak arourg=0 and a broad inelas-
tic shoulder fore;>0. The interesting new feature here is
the peak at the resonaneg=¢e, which is due to collective Tej(I'Lj+TR))
effects to be analyzed now. nj)=l-—"—y—

2chze
l,=— 7 IM{prLLLt PRRRIT PROOLS (13

with the notation

2T2(Bj+¥) +Tri(iTej+ )

FL,j
<I0j>——M—j

1
i81+—FR’j+2aj

. , a7

[28J7J+TC,](FR,]+4QJ)]Y
J

B. Cross coherences where(n_ ;) is given for later referencey;, B;, andy; as

defined in the Appendix, EQA3), and with
The effective interaction between the two DQD’s results PP 4A3)

from the simultaneous coupling of both double dots to the 1 2
same phonon environment. It appears in the master equation M;=I"| ;I'g sj2+ EFR,j_l'Zaj — 2T 8Bl
(10) as the mixed terms# | in the sum. In the explicit form
of the master equatiofAl), the effective interaction is con- +T2 (2T +Tr ) (Tri+4a)
. R . C,j L,j R,j R,j J
nected to six matrix elements on{gnd their complex con-
jugates. These elements arpg 1, PLRLL, PRRLR and +2T¢;ejy(I'Lj+Trj)- (18
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T T T T T T T One recognizes thz{p}p2> is Lorentzian shaped as a func-
tion of the energy difference;—¢,. The result of Eq(20)
with (p;) and(n_ ;) as given in Eq(17) is in good agree-
ment with the numerical solution of the master equatibb)
(inset of Fig. 3.

Next, we insert the result for the cross coherence in Eq.
(19) and find for the change of the tunnel current due to
interaction effects between the two double quantum dots

0.08

0.06

0.04 around the resonaneg =¢,:
Al _eTe172 I'ritTro2
0.02 V7 ke

1
(e1—&2)+ Z(FR,1+ I'r2)?

X (y1Re[(p2) L 1)+ vRe(p N 2)). (21

Again, the change in the current through the second double
dot, Al,, is obtained by exchanging the subscripts. This ap-
£1/peV proximation overestimates the actual change in the current

or the parameters chosen in the previous section but pro-
eldes a good qualitative description for the effect of the en-
hanced tunnel current. A comparison between this result and
the numerical solution is given below.

FIG. 3. Real parts of the cross coherences from the master equ
tion (10) as functions of the bias in the first double dat,(
=30ueV and the other parameters agree with Fig. The inset
compares the approximation for Relp,)}, Eq.(20) (dotted ling,
with the solution of the master equatigsolid line). C. Singlet and triplet states
In the inelastic regimé’ <e of the noninteracting case, the ~ The collective effects in the two double quantum dots are
of the cross coherences |n the interacting case. Then, ttherator |dent|ty

change in the current through DQD 1 due to collective ef- T _p. _
fectsgcan be approximated t?y PP+ P2P1= Pr,~ Psy (22
where P, is the projection operator on the stdig), P,
c172 =|4)(y|, and triplet and singlet do not refer to the real
All_ (Re[(pip2)} —Re[(PiP2)}). (19 electron spin but to the pseudospin defined in the two-

dimensional Hilbert space spafL{,|R)),
Correspondingly, the changkl, of the current through the

second double dot DQD 2 is obtained franh, by exchang- [TO=[LalL)2, [T)=[R)[R)2,

ing the subscripts 1 and 2. Hence, the alteration in the current 1

is proportional to the real parts of the cross coherences ITo)=—=(|L)1|R)o+|R)1|L)»), 23)
(pIp2> and(p1p,) between the two DQD's, which confirms V2

the collective character of the effect. This result is corrobo-
rated by plotting the real parts of the cross coherences as a _ = _
function of &;, see Fig. 3. One recognizes thatlp,) is |S0)= \/§(|L>1|R>2 [R)alL)2).
peaked around:;=¢e,, whereas(pip,) has a peak at; _ + . _
= —¢,. The increase of the current a{=¢, is therefore With 2 Re&p;pz)=(P1)—(Ps) and the proportionality
due to the maximum of the first correlati¢plp,). Al cRe(pipy) for e1~&p, see Eq(19), it follows that the

If we neglect the changes of all other elements of thecurrent enhancemeittl ; is dge to an |ncr.eased probability
density matrix that are caused by the effective interactiordf finding the two electrons in gseudo triplet rather than
between the two DQD's, the real part of the cross coherenc# a (pseudo singlet state. In the following, we demonstrate

<IOII02> can be approximated around the resonangces, as  that the mechanism underlying this effect is indeed the Dicke
superradiance effect known from quantum optics.

1 )
5(Tr1tT'R2) D. Dicke effect
Re{(p{p2>}= 1 Superradiance emerges in the collective spontaneous
(81— 82)%+ = (Try+Tro)? emission from an ensemble of identical two-level atoma\ If
4" ’ excited atoms are concentrated in a region smaller than the
wavelength of the emitted radiation, they do not decay inde-
X (71RE{(P)HNL 1)+ 72RE(PHNL 2)). ; / ¢

pendently anymore. Instead, the radiation has a higher inten-
(20) sity and takes place in a shorter time interval than for an
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ensemble of independent atoms due to the coupling of alln contrast to a two level atom, a third sta@® exists in the

atoms to the common radiation field. double quantum dot as the additional electron can tunnel into
Let us now consider the cade=2 and calculatésimilar  the leads.

to the original work of Dickd) the decay ratd” of two The use of triplet and singlet states as defined in(E8).

initially excited atoms with dipole moments, andd,) at  allowsus to fi_nd an analytical rt_asult for the stationa_ry current

positionr, andr, due to the interaction with light that quantitatively coincides with the exact numerical solu-

tion extremely well. We consider the rate equation for the

o ] R ) probabilities of the corresponding nine states and take into

Hephzz go(a_gt+ag)[diexpi(Q-ry)+dexpi(Q-ry)], account the doubling of the inelastic rates due to the Dicke
Q (24) effect in the triplet channel

from which the spontaneous emission rate of photons with Poo=I"Pro+ ' Por— 2T Poo.
wave vectorQ follows (Fermi’s golden rulg

. 1 1
PLo=I"Poot 5I'Pr,+ 5'Ps,— (¥ +1')PLo,
5 . 5 2 "To' 2
Fi(Q>o<§ |90/?1+exdiQ(r,—11)]|28(wo— wq),

. 1 1
(25 PoL =I'Poot 5 T'Pr,+ 5TPs, = (v +T)PoL,
whereQ=wq/c, wg is the transition frequency between the
upper and lower level, ancdenotes the speed of light. The bROZ vPLo+ T pr-— 2T Pro,
interference of the two interaction contributiodge'(Q ") _
andd,e'(?'™2) |eads to asplitting of the spontaneous decay Por=PoL +I'Pr-—2I'Por, (27)
into a fast super-radiant decay chanpiel. (Q)] and a slow -
subradiant decay channl _(Q)]. This splitting is called Pr+=IpoL+1I'PLo—2vprs,
the Dicke effect. _ 1 1
Loosely speaking, the two signs correspond to the two pr,=2vpr+ + Erp°R+ EFpRO— (2v+I)pr,,

different relative orientations of the dipole moments of the
two atoms. More precisely, from the four possible states in o _or
the Hilbert space of two two-level systemig,=C2®C?, Pr—=2vPr, Pr—
one can form singlet and triplet states according to 1 1
1Sy =N (TH=[1T),  [TH=[11),  [Te)=(112) ps,= 5T Port 5 'Pro~T'Ps

X(|T1)+111)), and|T_)=]||]). The super-radiant decay
channel occurs via the triplet and the subradiant decay via
the singlet state$® In the extreme Dicke limit where the
second phase factor is close to unity, @&Qgr,—r.)]~1, it
follows thatI' _(Q)=0 andI' . (Q)=2I'(Q), wherel'(Q)
is the decay rate of ongingle atom. This limit is theoreti-

Here, identical tunnel rates to all four leads have been
assumed]'| ;=I'g;=I"| ,=I'r,=TI", and p o denotes the
probability to find the first double dot in state) and the
second in statéd). Electrons can also tunnel into and out of

cally achieved if Q(r,—r ;)| <1 for all wave vector®, i.e., the singlet state due to the coupling to the leads which is not

. . ossible in the original Dicke model. In the stationary case,
the distance betwee_n the two atoms is much smaller than ﬂfﬁe Eq.(27) can be easily solved. For the current through one
wave length of the light.

We mention that in practice, this “pure” limit, where the of the two double dots we obtain

subradiant rate is zero and the super-radiant rate is just twice el’

the rate for an individual atom, is never reached. In a recent |1=7(poo+ PoL * Por)

experimental realization of subradiance and super-radiance

from two laser-trapped ions, DeVoe and Brefflaneasured el x(4x+1)

the spontaneous emission rate of photons as a function of the = X= viT. (28)
ion-ion distance in a laser trap of planar geometry which was i 9x?+5x+1

strong enough to bring the ioriBa 3¢ to a distance of the This can be compared with the tunnel current through one
order of 1 um of each other. independent double déf obtained by a similar rate equation

The two double quantum dots behave in analogy to the
two atoms considered above. For a positive biase, o el X
—eg>0, the statéL) can be identified with the excited state =7 17 (29
and |[R) with the ground state. The inelastic ratewith _ 0 N
which |L) decays to|R) can be calculated with Fermi's The differenceAl,=1,—1; represents the additional current

golden rule due to the Dicke effect and is shown in Fig. 4 as a function
of the dimensionless coupling strengjito the bosonic en-
87T?2 vironment, together with a comparison to thd; as ob-
v= ﬁp( \/82+4T§). (26)  tained from the numerical solution of E(LO). Both results

h(e“+4TP) agree very well, indicating that it is indeed the Dicke effect

035309-6



DICKE EFFECT IN THE TUNNEL CURRENT THROUGH . .. PHYSICAL REVIEW B8, 035309 (2003

PR — —leci
oal 4 | = —0.02
= 0.00
9
<< 072 3]
% 0.01 002 003 i
= =
P ay
. i
--. Rate equation (27)
— Master equation (10) T
, 1 L L
025 0.01 g 0.02 0.03 28

FIG. 4. Enhancement of the tunnel curréit, at the resonance
e,=¢,=30 peV as a function of the dimensionless electron pho- FIG. 5. Transition from an increased to a decreased current
non coupling constarg, Eq. (8). The additional current vanishes at through the first double quantum dot for different tunnel rdtgs
g~0.02 when the tunnel rates to the double dot and between thén xeV) ande,=30 ueV. The left inset shows schematically the
dots become equal;=T". The inset shows the difference in prob- Setup forl'r ,=0 and the right inset gives the difference of triplet
abilities for triplet and singlet. and singlet for the same case.

that leads to the increase in the tunnel current. In additiontive peak in the currenit; develops into a minimum as the
we show(inset of Fig. 4 the difference between triplet and tunneling ratel's , is decreased to zero. This minimum is
singlet occupation probability that follow from the EQ7)  indeed related to an increased probability of finding the two

as dots in the singlet statES,) rather than in the triplet state
|To), as can be seen from the inset of Fig. 5. Thus, in this
2x(x+2)(x—1) regime the effect of subradiance dominates, leading to a de-
—Pps.=— . 30
P10 P% = T 3t 23+ Lt 2 (30 creased current.

This behavior is again consistent with the approximation

T . .
This is in excellent agreement with the numerical results an&Fd: (20) for the cross coherend@; p,). Taking into account
underlines that the change in the tunnel current due to colth® different noninteracting matrix elements in the two
lective effects is proportional tpr —ps,, as already dis- double dots(n_)#(n. ) and (py)#(p,) due to I'g;

cussed above. This demonstrates that the effect of superra }E)rn?'zé Wég)nqrﬁisni%?:glse g:]%sss tgogr?rﬁ r;(r::aastet(;w ::s;giﬁ?ce
ance amplifies the tunneling of electrons from the left to thef d: ' P P y

right dots resulting in an enhanced current through the oo thg singlet state and acpordlng to EQY) {0 a negative
double quantum dots. peak in the tunnel current, in agreement with our numerical

solution.

IV. CURRENT SUBRADIANCE AND INELASTIC SWITCH
B. Inelastic current switch
The close analogy with the Dicke effect suggests the ex-

istence of not only current super-radiance, but also current UP to now, we have regarded the cross coherépépz)
subradiance in the register. In the subradiant regime, the tw@"d its effects on the current only at the resonanges,.
DQD'’s form a singlet state where the tunneling from the leftHowever, it was already pointed out in Sec. Ill B that another

to the right quantum dots is diminished, resulting in a weakefT0SS coherencep,p,) exhibits a resonance if the bias in
tunnel current through the dots. one dot equals the negative bias in the other dot — ¢,

(see Fig. 3 This case is considered in the following.

We use a fixed negative bias<0 in the second double
dot as indicated in the inset of Fig. 6. Consequently, elec-

Subradiance occurs in our system in a slightly changedirons cannot tunnel from the left to the right dot such that the
setup where electrons in the second double dot are preventsgcond double dot is blocked and no current can flow
from tunneling into the right leafiz ,=0 as indicated in the through it. The presence of the first double dot, though, lifts
inset of Fig. 5. Then, the additional electron is trapped andhis blockade and enables a current through the second
no current can flow through the second double dot. Neverdouble dot if the resonance conditien= —¢, is fulfilled.
theless, this electron can affect the tunnel current through th&he current , is shown in Fig. 6 as a function of the bias in
first double dot: Instead of a maximum, we now find a mini-the first double dot,. Due to the coupling to the common
mum at the resonaneg = ¢,. Figure 5 shows how the posi- phonon environment, energy is transferred from the first to

A. Current antiresonance
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15 T T T T T T T phonon environment. We predict that the Dicke effect causes
a considerable increase or decrease of the tunnel current,
TN depending on the choice of parameters. The occurrence of
_— the Dicke effect in the transport through mesoscopic systems
|‘ has already been pointed out by Shahbazyan and Ralkh.
B . their system, the coupling to the same lead is responsible for
collective effects. Usually, the Dicke effect manifests itself in
a dynamic process such as the spontaneous emission of an
ensemble of identical atont&®® Transport through double
guantum dots, however, allows one to study a time indepen-
dent form of the Dicke effect. Moreover, we have demon-
strated that the change of the tunnel current is connected
with an entanglement of the different double dots. This opens
the possibility to realize and to measure specific entangled
states of two double dots. In particular, one can switch from
a predominant triplet superposition of the two double dots
connected with an increased tunnel current to a predominate
singlet state leading to a reduced current.

FIG. 6. Tunnel current through the second double dot which is The _resulits discussed here were deriyed _for the ideal case
blocked due to a negative bias,= — 50 ueV, as depicted in the of an identical electron-phonon coupling in both QOubIe
inset (g=0.015). The approximation foal,, Eq. (31) (dashed quantum dots. Furthermore, the Coulomb _mteractlon be-
line), agrees well with the result of the master Et) (solid line: ~ tWeen the two double dots has not been considered here. In a
the finite offset of which is the tail of the elastic currentsgt €@l experiment, these assumption will never be perfectly
=0). fulfilled and would lead to deviations from the collective

effects presented above. However, we predict that even in
the second double dot, allowing electrons to tunnel from théresence of interdot Coulomb interactions, phonon mediated
left to the right in the second double dot. At the same timecollective effects should persist as long as a description of
the current through the first double dot is decreageat the register in terms of few many-body states is possible.
shown herg These many-body statéthat would depend on the specific

We can approximate the current through the second@eometry of the registewould than replace the many-body

double dot around, = — &, taking into account onlyp,p,)  basis{|0;i),|L,i),[R,i)} (i=1,2) used in our model here.
in Eq. (19). A similar calculation as foKplp,), Eq. (20), We have derived the master equation for the general case

gives of N double dots but only focused dd=2 which is the
simplest case where collective effects occur. In general, one
of the main characteristic features of superradiance is the
§FR4+ EFR*2+ 8a quadratic increase of the effect with increasing number of
coupled systems. For the spontaneous collective emission
from N excited two level atoms, this means that the maxi-
mum of the intensity of the emitted radiation increases with
the square number of systemd?, while the time in which
X (71Re[(P2)HNL) + 72RE(POKNL2),  BD e decay takes place decreases inversely to the number of
with = @, = a, evaluated at the resonance, where both Sysgzystems M. Therefore, we expect that the collective effects

tems are identical except of the bias. This approximatiorfS Presented here become even more pronounced if more

Ig/pA

2Tc,27’1e
82ﬁ

Alp= 2

, (1 1
(81+82) + EFR'1+ EFR,2+8a

again is in good agreement with the numerical solution ofh@n two double dots are indirectly coupled by the common
Eq. (10), as can be seen from Fig. 6. phonons.

Our results suggest that the current through one of the
DQD’s can be switched on and off by appropriate manipula- ACKNOWLEDGMENTS

tion of the other one. We emphasize that this mechanism is ) ) ) )
mediated by the dissipative phonon environment and not the We acknowledge B. Kramer for fruitful discussions. This
Coulomb interaction between the charges. As this effect i§/0rk was supported by Projects Nos. EPSRC GR44690/01,
very sensitive to the energy bias, it allows to detect a certai?FG Br1528/4-1, the WE Heraeus foundation and the UK
energy bias in one double dot by observing the currenfuantum Circuits Network.

through the other double dot.

APPENDIX: MASTER EQUATION FOR TWO DOUBLE
V. CONCLUSION QUANTUM DOTS

In this work, we have investigated collective effects in  The dimension of the density matrixfor N double quan-
two double quantum dots. An indirect interaction arises betum dots is equal to ™ such that the master equati¢h0)
tween the two double dots due to the coupling to the sameorresponds to 81 coupled differential equationsNer2. It
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is, however, not necessary to solve all 81 equations as we
study the current which requires the knowledge of only six
matrix elements, cf. Eq.13). The smallest closed subset of
equations, containing the equations for those six elements
consists of 25 equations.

The mixed terms in the master equatit0), i #j, de-
scribing the indirect interaction between the two DQD'’s due
to the coupling to the same phonons, are marked in the fol-
lowing with an additional prefactay. Settingg=0 results in
the master equation for two completely independent double
dots coupled to independent phonons. The interacting case
corresponds t@=1. Note that the elements of the density
matrix are expressed with respect to the b4His,|R),|0)}
for each double dot. Due to the tunneling of electrons be-
tween the left and right quantum dot, these states are no
eigenstates of the unperturbed Hamiltonian. Finally, the mas-
ter equation for the elements of the density matrix reads

PLLLL™ iTc,l(pLLRL_pLRLL)

+iTepLer=Pri) T 1L 1PL0o T 200010,

PLLLR™ iTc,l(PLLRR_PLRLR) + iTc,Z(pLLLL_ PRLLR)

+ FL,lPLOOR_ Y2PLLLL ~ B2PRLLR

) 1
lep+ EFR,2+ Zaz)pLLLR

+0dB1(PLLRR™ PLRLR)»

PLLRL™ iTc,l(PLLLL_PLRRL) + iTc,Z(pLLRR_ PRLRL

+ FL,ZPOLRO_ Y1PLLLL — B1PLRRL

1
leg+ EFR,1+ 2a1>pLLRL

+0dB2(pLLRR™ PRLRU

PLLRR™ iTc,l(PLLLR_ PLRRR T iTc,z(PLLRL_PRLRR)

~ ¥1PLLLR™ B1PLRRR™ Y2PLLRL™ B2PRLRR

1 1
i81+i82+ EFR’1+ EFR,Z—’— 2a1+ 2a2)p|_|_RR

—q[2(a1+ az)pL rr B2PRLRR

+ B1PLRRRT Y2PLLRLT Y1PLLLR]

PRLLR:iTc,l(PRLRR_PRRLR)

+ iTc,Z(pRLLL_pLLLR) + FL,lPROOR_ FR,ZPRLLR!

PRLRL™ iTc,l(PRLLL_ PrRRU T iTc,Z(PRLRR_pLLRL)

— Y1PRLLL™ B1PRRRL™ Y2PLLRL™ B2PRLRR

1
_FR,1+

> 5Rot2a1+ 205 | prerL

—lie;—ie,+
1 2 2
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+a[2(a1+ @) prirLt Y2PLLRL

+ B1PrrRUT B2PRLRRT Y1PRLLL]S

PRLRR™ iTc,1(PRLLR_PRRRR) + iTc,z(PRLRL_PLLRR)

~ ¥1PRLLR™ B1PRRRR

) 1
—|lest EFR,1+FR,2+2a1 PRLRR
+9v2(pLLRR™ PRLRD:

PoLLo™ iTc,l(POLRO_ PORLO)

+ I 1p0000t 'R 2PRLLR— 'L 2P0L L0

POLRO™ iTc,l(pOLLO_ Porro) T FR,ZPRLRR_ Y1PoLLo

) 1
—Biporro— | 1€1t EFR,1+FL,2+20‘1 POLRO >

pLRRL:iTc,l(pLRLL_pLLRL)

+iTc A pLrrr PRRRU T L 200rRO~ TR 1PLRRL:

pLRRR:iTc,l(PLRLR_ PLLRR)

"‘iTc,z(PLRRL_PRRRFQ_72PLRRL_/32PRRRR
) 1

—|le+ gt EFR,2+26¥2 PLRRR

+dY1(PLLRR™ PLRLR)

PRRRR:iTc,l(PRRLR_PRLRR)

+iT¢ A prrRU™PLRRR — (I'r1T 'R 2) PRRR-

PORRO™ iTc,l(PORLo_ POLRO)

+I'roprrrr (IR1H L 2) PoRROS

PrLooL = iTc,Z(pLOCR_pROOL)

+I'r1ptrrit 'L 200000~ 'L 1PL00L 5
PLoor= 1T ¢ 2 PLoo. — Proor) T 'R 1PLRRR™ Y2PLoOL

) 1
—Bopror— | 1821 1+ EFR,2+2a2 PLOOR »

PROOR™ iTc,Z(pROOL_PLOOR)

- I‘L,lpROOR"_ FR,lPRRRR_ FR,ZPROOR )

Pooos= I'r1PorrO+ 'R 2PR00R— (I'L 1+ 'L 2) Poooo-
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The remaining eight equations follow immediately sipcis 27T gj BA,
an Hermitian operator Bi=—xp(4))|1- g coth —=|1, (A3)
i j
p]ii’j’:p}\”i’ij (AZ)
and the coefficients;, gj, andy; are defined as
4aTe BA, 27T, e[ BA,
_ 3 i c.j i j
aj=—— p(A,-)coth(— : yi= p(A) 1+—cot|-<—”.
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