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Dephasing in an isolated double-quantum-dot system deduced from single-electron
polarization measurements
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We report measurements of single-electron polarization in a coupled double-quantum-dot device isolated
from current probes and demonstrate that the energetics observed for this process differs from that observed in
double dots coupled to reservoirs. The movement of the electrons is detected by a quantum point contact. By
analyzing the energy broadening corresponding to the tunneling of a single electron from one dot to the other
we estimate a minimum for the intradot scattering time to be 0.2 ns. This energy broadening follows the
predicted shot-noise variation in the detector with gate voltage, but is three orders-of-magnitude higher. We
speculate that two-level systems could account for the discrepancy.
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Over the last few years there has been a growing interegG5), and(G6) define barriers for the dots. By changing the
in the use of entangled quantum states for computatidn. bias voltage applied to these gates the coupling of the dots
Among the various ideas which have been considered fowith the electron reservoirs provided by the two-dimensional
implementation of quantum computers are proposals usinglectron gas could be adjusted. Ga@&3) was used as a
semiconductor quantum datst In these proposals either the tunneling barrier between the dots, which adjusted the tun-
spin state or the charge of an electron in a pair of quantumeling rate between them. Gat@s2) and(G4) were used as
dots between which electron tunneling is allowed is meaplungers to move electrons from one dot to its neighbor or
sured. One of the basic requirements to achieve a usefimto and out of each dot. Finally gat&7) was used to define
guantum computation is that the decoherence of the qubita 1D ballistic channel detector next to the double dot system
should be up to 1Dlonger than the clock time, i.e., the time in order to detect noninvasively movements of electrons be-
it takes to switch the state of one quiBitn this paper we tween the dots. All measurements were made in a dilution
demonstrate that it is possible to set up a coupled double doefrigerator with a base temperature of 100 mK. Modulated
system with no current or voltage probes and measure thigias voltages of 10V were applied to the detector and the
single-electron polarization of the resulting double dot sys-output current passed to a lock-in amplifier. The dot and
tem using a noninvasive voltage probe. We can deduce theéetector circuits were kept electrically isolated. The extreme
coupling between the dots so that it leads to broadening afensitivity required of the detector meant that the gates were
100 mK using an electrostatically coupled probe. We study

the tunneling rate and deduce an upper bound on the inelastic =

scattering rate for electrons in this system. We show how the ~__ 0.04- 5™

physical process of charge transfer between the two dots is % 2552 /

generally altered for dots isolated from reservoirs compared 2 0-921 cars 5 (b)

with those that are coupled. The movement of electrons be- 3 0.00 '2"1‘\’/2°EG(V)2"1°

tween the dots was deduced by studying the effect they had 3~ | ()

on the conductance of a one-dimensiofidd) ballistic chan- 05-0-02-,\‘,\/\/\/\/\/\/\/\/\/\/\/\/\\/\/'\/\/\/}/

nel, situated near the double dot system. The conductance of 2 - a)

the detector changed in a steplike manner by Coulomb repul- Q 004l © - c. s

sion when an electron either moved closer or further from @ 4 o i NI

it. Using this noninvasive detector to sense the movements ~ -0.06{& <

of a single electron between the dots instead of letting a Y o3 oo C‘% I I

current pass through the dots as conventionally octlfs 0081 VoM __ clarcigies

we decrease considerably the decoherence rate resulting -0.5 0.4 v (-\t,lé‘a;ts) 0.2 -0.1
G2

from electron-electron scattering. It also enabled us to isolate
the_ dots from the electron reservoirs which prevents cotun- FIG. 1. (a) Detector signal of dot A, when the barriers are set up
neling through the dot¥ . _ to allow tunneling to the reservoirgb) Detector signal of the iso-

“The double-quantum-dot system was defined using subaeq double dot systenic) The same signal after a single electron
micron metal gates on the top surface of an molecular-beankas left the double dot system. All signals are corrected for the
epitaxy-grown GaAs/AlGaAs heterostrusture in which asensitivity of the detector. Inseté:) Schematic of the double dot-
two-dimensional electron-gd@DEG) layer was formed ap- detector system(ll) smooth function of the conductance signal
proximately 70-nm below the surface. The gates were fabriwithout the steps used to correct the detector signals for the sensi-
cated using electron-beam lithography. The inset | of Fig. livity of the detector{lll) calibration of conductance into a voltage
shows the device consisting of the dots A and B. G&&b, figure.
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controlled from a battery source. When setting up the double 8
dot system the conductance was measured from congaot C

C,. This enabled Coulomb blockade to be observed in the
transport through the isolated double dot system. The capaci
tance coupling from all the gates to the two dots was thengg
deduced by the measured Coulomb blockade peddd
=e/Cy. Gate(G1) was then pinched off to gat&s6), and

the conductance between @nd G through the 1D channel
formed between gatg§&1) and (G7) was used as a detector
of electron movement in the double dot system.

First by applying suitable bias voltages to the gates the
dot closer to the detector was defin@tbt A). Figure 1a)
shows the detector conductance as a function of the voltage
applied to the plungeiG2) of this dot, when the barriers are
set up to allow tunneling to the reservoirs. The detector sig- 04
nal is shown as the ratio of the difference between the con-
ductance signal of the detector and a smooth function thai -0.4 -0.2
fits the conductance signal of the detector without the steps V_ (Volts)

(inset Il of Fig. 1), AG, over the differential of the same 6z

smooth functiondG,,¢,/dV. This procedure corrects forthe  FIG. 2. (a) Differential of the detector signal of the isolated
variation in the sensitivity of the detector. A step in this curvedouble dot system divided by the differential of a smooth function
corresponds to the change in the conductance of the 1at fits the detector signal without the steps. The peaks correspond
channel due to the Coulomb charging voltage of an electrotto a movement of an electron from one dot to the n@®tThe same
moving into or out of the dot. This results in a voltage swingsignal when the tunneling barrier between the dots is more open and
€/Cioia (Where C,y1, IS the capacitance of the dot to the the coupling is stronger.

ground and is calculated to be the sum of the capacitances

between each gate and the Xdd@this sawtooth structure has a signal of the isolated double dot system shows a periodic
period in gate voltage o#/Cg,, whereCg, is the capaci- steplike structure with a period nearly three times that ob-
tance between the gate being swept and the electrons in tis€rved for removing electrons from dot A to the reservoirs
dot. To calculate the charging energy of the dot we calibratediFig. 1(a)].

the detector by defining gaté€1), (G2), and(G6); remov- The structure in the figure corresponds to a polarization of
ing the bias from gatéG?3), i.e., opening up the far side of the double dot system as an electron leaving dot A tunnels
the dot; and by applying a voltage directly to the 2DEG into dot B. This is energetically favorable when the energy of
(reservoij. This ensures that the capacitive coupling to thedot A with (N—1) electrons is equal to the energy of dot B
detector is similar to that seen by dot A. We use this curve tovith (N+1) electrons. The energy of dot A reducesésyC,
directly calibrate the change in conductance into a voltag&hen an electron leaves, on the other hand the energy of dot
figure[see Fig. 2a)]. In this way the charging energy of dot B increases bg?/Cg when this electron is accommodated in
A was measured to be 350eV. dot B. C, andCg are the total capacitances of dots A and B

Then using suitable voltages applied to the gates a doublk® the ground, respectively. Therefore, the energy difference
dot system was defined. The two barri¢gates(G1) and  of the energy levels between the two dots after the tunneling
(G5)] between the dots and the reservoirs were strongly deof one electron is given by
pleted so that the probability of a single electron tunneling 5 5
out of this system is very low. Recently, we measured the En—Eg=€/Cate’/Cg. @

decay time of single electrons from isolated dots, showings the pare quantum confined levels in each dot are small

that electrons can be retained in an isolated dot for thousan%mpared to the charging energy then each of the energies
3 .
of seconds? It also takes thousands of seconds for a smgIeEA andEg can be written as

electron to leave this isolated double dot system. The tunnel-
ing barrier between the dots can be adjusted by applying a E,=(e?/C,)(AV/AV,), Eg=(e%Cg)(AV/AVp),
suitable voltage to gatéG3) so that when the electrostatic 2)

energy of dot A is altered to line up the energy levels in the . ) . )
two dots an electron tunnels out into dot B. Figuréo)l whereAV is the period of the resulting detector signal when

shows the resulting detector signal when electrons mov@lunger of dotAis swept to move electrons from dot A to dot
from dot A into dot B as the voltage applied to the plunger ofB- AVa andAVg are the periods of the detector signal when
dot A [gate (G3)] is swept to more negative values. Figure NIy dot A or only dot B is defined, respectively, and the
1(c) shows the detector signal when the voltage of thgPlunger of dot Alis swept. I€,=Cg thenAV can be derived
plunger of dot A is swept to more positive values letting from the following expression:

electrons move from dot B back to dot A . These signals are

corrected for the variation in the sensitivity of the detector as - M
described earlier in the paper. It is obvious that the detector AVg—AV,'

averaged’
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AV, is 24 mV as can be deduced from the detector signal of 60 -

dot A as shown Fig. (B) and AV is 76 mV as can be '\ : fﬁ; -400

deduced from measurements of the conductance through dot 5 sg. \ —= (o)

B when the plunger of dot A is swept. By substituting these N . @

values in the equation fakV we derive a value of 70 mV 40 . \\ 300
7 A o, n

which compares well with the measured period of 75 mV.
This result suggests that we have defined a strongly isolated
double dot system where electron tunneling can occur only
between the dots. Another strong piece of evidence that the
dot is heavily isolated from the reservoirs is that occasionally
an electron leaves the double dot system. This can be de-
tected as a jump in the amplitude of the detector signal.
When this happens the gate voltage at which an electron 10 -
moves from one dot to the other shifts by half the period in -0.6 v -((:-Iilts) 0.0
gate voltage required to move an electron between the dots. az
This is because the energy required to move an electron be- g 3. (a) Energy broadening of the transition peaks. Aver-
tween the dots is €/C, so that when one electron leaves age energy broadening over several scans of the voltage applied to
one of the dots and enters the reservoir its energy is theplunger G2.(c) Broadening for more strongly coupled dots; the
shifted bye?/C relative to the other dot. Figurel) and  dotted line is a guide to the eyéd) Variation of the absolute
1(c) show how the positions of the jumps in the amplitude ofvalue of the functiordG,,.,/dV expressing the sensitivity of the
the detector signal change when one electron leaves thietector.
double dot. The energy scale on theaxis shows that the
amplitude of the detector signal of one trace is shifted by thdows the sensitivity of the detector expressed as the differen-
typical step measured for an electron moving from one dot tdial of a smooth function that fits the detector conductance
the next. In the case where no electron moves out of thsignal without the step&shown in Fig. 3. The sharpest tran-
double dot system the two traces overlay each other. sition we could measure was £V and the broadest one

In Figs. 1a) and Xb) looking closely at the steps corre- was of the order of 3eV which corresponds to the high-
sponding to electrons moving from dots A to B, we see thaest sensitivity of the detector. The energy broadening of the
there is not a perfectly sharp step. On the contrary there is sharpest transition corresponds to a thermal energy of 180
broadening i.e., a range of gate voltages corresponding tmK which is close to the measured temperature. Scattering
each step. This broadening is related to the width of théetween the dots would cause energy smearingy/ of This
tunneling conductance peak that would be measured if wemplies that must be>0.2 ns. We have to note here that
were logging the current flowing between the dots. Thatalthough the bias voltage is large on the detector (A®0) it
width has three contributions. The first originates from thedoes not cause any local heating because a 1D channel does
height of the tunneling barrier between the dots, which setsiot dissipate heat. The majority of the heat is dissipated in
the wave-function overlap between the dofise., the the 2D reservoirs? From the expression for the quantum
symmetric-antisymmetric gap,sas, Which is zero when the  shot-noise maximum in a quantum point contd@PQ
tunneling barrier is closgdThe second contribution comes given by Reznikowet al.in Ref. 15(also see Ref. Jéand the
from inelastic scattering from phonons or electrons outsideargument that the timig, required to detect an electron added
the system which allows electrons to tunnel when the energin one of the dots is such that the change in the number of
levels in each dot are not exactly aligned. The third contri-electrons crossing the QPC exceeds the typical shot
bution will come from thermal smearing. Thus the total noise!’*®we calculate the minimum detection tirig from
broadeningA .5 IS given by the following expression:

Energy Broadening AE (peV)
Gronsst) [Ap/™*“oplsqe

Atorar= V(Asag?+ (kgT)?+(h/7)2. (4) h

td:—z ’

Figure 2a) shows the differential of a detector conduc- 4Vos(AT)’e
tance signal similar to that shown in tra¢® of Fig. 1. The  whereVg is the bias voltage applied to the QPC akd is
peak widths can be used to estimate the energy broadeninthe change of the transmission coefficiéhtof the QPC
Opening the barrier between the dots leads to a lakggk. when an electron is added to the dwt our isolated double
This effect is shown in Fig.(®) which shows the differential dot system the electron is moving from one dot to the hext
of a detector conductance signal when the dots are morBy putting in the expession abows,s=100 uV and AT
strongly coupled and the measured broadening is gresger =0.004 as measured dt=0.5, where the shot noise is
Fig. 3(c)]. To calibrate the peak widtshown in Fig. 28)]  maximum, we gety=0.7 usec. The timey corresponds to
in gate voltage in terms of energy, we use the fact that tha dephasing rate which reflects the efficiency with which the
peak separatioi’5 mV) corresponds to the increase in en- QPC measures the charge state of one of the @oésone
ergy of one dot by 8%/C (700 ueV) over the other. Taking which is nearer to the detecjotRef. 17 and is due to
the energy broadening as the full width at half maximum forelectron-electron scattering. The tireis much longer than
each peak, a distribution of values was measured which fokthat estimated from the broadening of the peaks in the detec-

®
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tor signal(0.2 ng. That suggests that the observed broadendouble impurity site may be slow so that some time later the
ing is not due to electron-electron scattering alone. Howevetharge moves back to its original position. Because our mea-
the estimated time of 0.2 ns is close to experimental andurements are over the time scale of seconds this causes an
theoretical estimates for electron-acoustic-phonon scatteringpparent broadening of the transitions in the dot. When the
in dots of these dimensiori8 More specifically the tunneling differential of the detector signal against gate voltage is a
between the two dots is facilitated by the emission or absorpmaximum the shot noise is greatest and therefore there is a
tion of acoustic phonons thus causing the energy broadenir@reater probability of polarizing such an impurity site.

of these transitions. o _ These measurements show that it is possible to detect
The distribution of the measured linewidths, shown ingjnqe electron tunneling from one dot to another in a com-

Figs. 38 and 3b), implies that there is some mechanism ,\qie|y jsolated submicron double dot system. They also

that is amplifying the_sho_t noise in the detector caus_ing Alhow that we can reduce the coupling between the dots and
li)\(;lr? t?\r;e{j?%e?;%?ii?rgp?hg ég?e%?:rbﬁg?]%%yséﬁg] Wg':g fo'fhis reduces\ s A_Suntil a minimum brqad_ening mecha_nism is
possible mechanism could be charged to tWo-IevéI Systemobserved. T.hIS is Iarger_thaq;T_and |nd|ca§es the existence
that have been observed to generate telegraph noise in G fa depha_smg mechanism acting overa time scale qf 0.2 ns.
heterostructure materi&l. Recent scanning probe measure- 1S '.[echnlque could be applied to the study of any isolated

o - ST polarizable system such as molecules or coupled self-
ments close to a 1D ballistic channel defined in similar het-

. assembled quantum dots—structures for which it is very
erostructure material revealed several puddles of charge

. ) Yrd or impossible to make electrical contact to at present. In
to a micron away from the channel which affect the conduc- P P

tance of the 1D channel when electrons are removed frorﬁonCIUSIon this work opens up many possibiliies for the

them?! The voltage spike in the detector caused by a shotic't#dy of isolated systems in nanotechnology and mesoscopic
. ; . ysics.

noise event could trigger an electron jump from one trap td

its neighbor. This shift in charge then causes a change in the This work was jointly supported by EPSRC and EU fund-
energy levels in the double dot system which is much largemg (QUADRANT Grant No. 23362 We also acknowledge
than that caused by the shot noise alone. Although the shosupport from Toshiba Research Europe Limited and the

noise process may be rapid the polarization of charge in thBlewton Trust.
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