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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 inte
in the use of entangled quantum states for computation1–4

Among the various ideas which have been considered
implementation of quantum computers are proposals u
semiconductor quantum dots.5–8 In these proposals either th
spin state or the charge of an electron in a pair of quan
dots between which electron tunneling is allowed is m
sured. One of the basic requirements to achieve a us
quantum computation is that the decoherence of the qu
should be up to 104 longer than the clock time, i.e., the tim
it takes to switch the state of one quibit.9 In this paper we
demonstrate that it is possible to set up a coupled double
system with no current or voltage probes and measure
single-electron polarization of the resulting double dot s
tem using a noninvasive voltage probe. We can deduce
coupling between the dots so that it leads to broadening
100 mK using an electrostatically coupled probe. We stu
the tunneling rate and deduce an upper bound on the inel
scattering rate for electrons in this system. We show how
physical process of charge transfer between the two do
generally altered for dots isolated from reservoirs compa
with those that are coupled. The movement of electrons
tween the dots was deduced by studying the effect they
on the conductance of a one-dimensional~1D! ballistic chan-
nel, situated near the double dot system. The conductanc
the detector changed in a steplike manner by Coulomb re
sion when an electron either moved closer or further fr
it.10 Using this noninvasive detector to sense the movem
of a single electron between the dots instead of lettin
current pass through the dots as conventionally occurs11,12

we decrease considerably the decoherence rate resu
from electron-electron scattering. It also enabled us to iso
the dots from the electron reservoirs which prevents cot
neling through the dots.10

The double-quantum-dot system was defined using s
micron metal gates on the top surface of an molecular-be
epitaxy-grown GaAs/AlGaAs heterostrusture in which
two-dimensional electron-gas~2DEG! layer was formed ap-
proximately 70-nm below the surface. The gates were fa
cated using electron-beam lithography. The inset I of Fig
shows the device consisting of the dots A and B. Gates~G1!,
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~G5!, and~G6! define barriers for the dots. By changing th
bias voltage applied to these gates the coupling of the d
with the electron reservoirs provided by the two-dimensio
electron gas could be adjusted. Gate~G3! was used as a
tunneling barrier between the dots, which adjusted the t
neling rate between them. Gates~G2! and~G4! were used as
plungers to move electrons from one dot to its neighbor
into and out of each dot. Finally gate~G7! was used to define
a 1D ballistic channel detector next to the double dot sys
in order to detect noninvasively movements of electrons
tween the dots. All measurements were made in a dilut
refrigerator with a base temperature of 100 mK. Modula
bias voltages of 100mV were applied to the detector and th
output current passed to a lock-in amplifier. The dot a
detector circuits were kept electrically isolated. The extre
sensitivity required of the detector meant that the gates w

FIG. 1. ~a! Detector signal of dot A, when the barriers are set
to allow tunneling to the reservoirs.~b! Detector signal of the iso-
lated double dot system.~c! The same signal after a single electro
has left the double dot system. All signals are corrected for
sensitivity of the detector. Insets:~I! Schematic of the double dot
detector system;~II ! smooth function of the conductance sign
without the steps used to correct the detector signals for the se
tivity of the detector;~III ! calibration of conductance into a voltag
figure.
©2003 The American Physical Society02-1
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controlled from a battery source. When setting up the dou
dot system the conductance was measured from contact C3 to
C1 . This enabled Coulomb blockade to be observed in
transport through the isolated double dot system. The cap
tance coupling from all the gates to the two dots was th
deduced by the measured Coulomb blockade periodDV
5e/Cg . Gate~G1! was then pinched off to gate~G6!, and
the conductance between C1 and C2 through the 1D channe
formed between gates~G1! and~G7! was used as a detecto
of electron movement in the double dot system.

First by applying suitable bias voltages to the gates
dot closer to the detector was defined~dot A!. Figure 1~a!
shows the detector conductance as a function of the vol
applied to the plunger~G2! of this dot, when the barriers ar
set up to allow tunneling to the reservoirs. The detector s
nal is shown as the ratio of the difference between the c
ductance signal of the detector and a smooth function
fits the conductance signal of the detector without the st
~inset II of Fig. 1!, DG, over the differential of the sam
smooth function,dGaver /dV. This procedure corrects for th
variation in the sensitivity of the detector. A step in this cur
corresponds to the change in the conductance of the
channel due to the Coulomb charging voltage of an elec
moving into or out of the dot. This results in a voltage swi
e/Ctotal ~where Ctotal is the capacitance of the dot to th
ground and is calculated to be the sum of the capacitan
between each gate and the dot!. This sawtooth structure has
period in gate voltage ofe/CG2 , whereCG2 is the capaci-
tance between the gate being swept and the electrons in
dot. To calculate the charging energy of the dot we calibra
the detector by defining gates~G1!, ~G2!, and~G6!; remov-
ing the bias from gate~G3!, i.e., opening up the far side o
the dot; and by applying a voltage directly to the 2DE
~reservoir!. This ensures that the capacitive coupling to t
detector is similar to that seen by dot A. We use this curve
directly calibrate the change in conductance into a volt
figure @see Fig. 2~a!#. In this way the charging energy of do
A was measured to be 350meV.

Then using suitable voltages applied to the gates a do
dot system was defined. The two barriers@gates~G1! and
~G5!# between the dots and the reservoirs were strongly
pleted so that the probability of a single electron tunnel
out of this system is very low. Recently, we measured
decay time of single electrons from isolated dots, show
that electrons can be retained in an isolated dot for thousa
of seconds.13 It also takes thousands of seconds for a sin
electron to leave this isolated double dot system. The tun
ing barrier between the dots can be adjusted by applyin
suitable voltage to gate~G3! so that when the electrostat
energy of dot A is altered to line up the energy levels in
two dots an electron tunnels out into dot B. Figure 1~b!
shows the resulting detector signal when electrons m
from dot A into dot B as the voltage applied to the plunger
dot A @gate ~G3!# is swept to more negative values. Figu
1~c! shows the detector signal when the voltage of
plunger of dot A is swept to more positive values letti
electrons move from dot B back to dot A . These signals
corrected for the variation in the sensitivity of the detector
described earlier in the paper. It is obvious that the dete
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signal of the isolated double dot system shows a perio
steplike structure with a period nearly three times that
served for removing electrons from dot A to the reservo
@Fig. 1~a!#.

The structure in the figure corresponds to a polarization
the double dot system as an electron leaving dot A tunn
into dot B. This is energetically favorable when the energy
dot A with (N21) electrons is equal to the energy of dot
with ~N11! electrons. The energy of dot A reduces bye2/CA
when an electron leaves, on the other hand the energy o
B increases bye2/CB when this electron is accommodated
dot B. CA andCB are the total capacitances of dots A and
to the ground, respectively. Therefore, the energy differe
of the energy levels between the two dots after the tunne
of one electron is given by

EA2EB5e2/CA1e2/CB . ~1!

If the bare quantum confined levels in each dot are sm
compared to the charging energy then each of the ener
EA andEB can be written as

EA5~e2/CA!~DV/DVA!, EB5~e2/CB!~DV/DVB!,
~2!

whereDV is the period of the resulting detector signal wh
plunger of dot A is swept to move electrons from dot A to d
B. DVA andDVB are the periods of the detector signal wh
only dot A or only dot B is defined, respectively, and th
plunger of dot A is swept. IfCA5CB thenDV can be derived
from the following expression:

DV5
2DVADVB

DVB2DVA
. ~3!

FIG. 2. ~a! Differential of the detector signal of the isolate
double dot system divided by the differential of a smooth funct
that fits the detector signal without the steps. The peaks corresp
to a movement of an electron from one dot to the next.~b! The same
signal when the tunneling barrier between the dots is more open
the coupling is stronger.
2-2
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DVA is 24 mV as can be deduced from the detector signa
dot A as shown Fig. 1~a! and DVB is 76 mV as can be
deduced from measurements of the conductance through
B when the plunger of dot A is swept. By substituting the
values in the equation forDV we derive a value of 70 mV
which compares well with the measured period of 75 m
This result suggests that we have defined a strongly isol
double dot system where electron tunneling can occur o
between the dots. Another strong piece of evidence that
dot is heavily isolated from the reservoirs is that occasion
an electron leaves the double dot system. This can be
tected as a jump in the amplitude of the detector sign
When this happens the gate voltage at which an elec
moves from one dot to the other shifts by half the period
gate voltage required to move an electron between the d
This is because the energy required to move an electron
tween the dots is 2e2/C, so that when one electron leave
one of the dots and enters the reservoir its energy is t
shifted bye2/C relative to the other dot. Figures 1~b! and
1~c! show how the positions of the jumps in the amplitude
the detector signal change when one electron leaves
double dot. The energy scale on they axis shows that the
amplitude of the detector signal of one trace is shifted by
typical step measured for an electron moving from one do
the next. In the case where no electron moves out of
double dot system the two traces overlay each other.

In Figs. 1~a! and 1~b! looking closely at the steps corre
sponding to electrons moving from dots A to B, we see t
there is not a perfectly sharp step. On the contrary there
broadening i.e., a range of gate voltages correspondin
each step. This broadening is related to the width of
tunneling conductance peak that would be measured if
were logging the current flowing between the dots. T
width has three contributions. The first originates from t
height of the tunneling barrier between the dots, which s
the wave-function overlap between the dots~i.e., the
symmetric-antisymmetric gap,DSAS, which is zero when the
tunneling barrier is closed!. The second contribution come
from inelastic scattering from phonons or electrons outs
the system which allows electrons to tunnel when the ene
levels in each dot are not exactly aligned. The third con
bution will come from thermal smearing. Thus the to
broadeningD total is given by

D total5A~DSAS!
21~kBT!21~h/t!2. ~4!

Figure 2~a! shows the differential of a detector condu
tance signal similar to that shown in trace~b! of Fig. 1. The
peak widths can be used to estimate the energy broade
Opening the barrier between the dots leads to a largerDSAS.
This effect is shown in Fig. 2~b! which shows the differentia
of a detector conductance signal when the dots are m
strongly coupled and the measured broadening is greater@see
Fig. 3~c!#. To calibrate the peak widths@shown in Fig. 2~a!#
in gate voltage in terms of energy, we use the fact that
peak separation~75 mV! corresponds to the increase in e
ergy of one dot by 2e2/C (700 meV) over the other. Taking
the energy broadening as the full width at half maximum
each peak, a distribution of values was measured which
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lows the sensitivity of the detector expressed as the differ
tial of a smooth function that fits the detector conductan
signal without the steps~shown in Fig. 3!. The sharpest tran
sition we could measure was 16meV and the broadest on
was of the order of 39meV which corresponds to the high
est sensitivity of the detector. The energy broadening of
sharpest transition corresponds to a thermal energy of
mK which is close to the measured temperature. Scatte
between the dots would cause energy smearing ofh/t. This
implies thatt must be.0.2 ns. We have to note here th
although the bias voltage is large on the detector (100mV) it
does not cause any local heating because a 1D channel
not dissipate heat. The majority of the heat is dissipated
the 2D reservoirs.14 From the expression for the quantu
shot-noise maximum in a quantum point contact~QPC!
given by Reznikovet al. in Ref. 15~also see Ref. 16! and the
argument that the timetd required to detect an electron adde
in one of the dots is such that the change in the numbe
electrons crossing the QPC exceeds the typical s
noise,17,18 we calculate the minimum detection timetd from
the following expression:

td5
h

4VDS~DT!2e
, ~5!

whereVDS is the bias voltage applied to the QPC andDT is
the change of the transmission coefficientT of the QPC
when an electron is added to the dot~in our isolated double
dot system the electron is moving from one dot to the ne!.
By putting in the expession aboveVDS5100 mV and DT
50.004 as measured atT50.5, where the shot noise i
maximum, we gettd50.7 msec. The timetd corresponds to
a dephasing rate which reflects the efficiency with which
QPC measures the charge state of one of the dots~the one
which is nearer to the detector! ~Ref. 17! and is due to
electron-electron scattering. The timetd is much longer than
that estimated from the broadening of the peaks in the de

FIG. 3. ~a! Energy broadening of the transition peaks.~b! Aver-
age energy broadening over several scans of the voltage appli
plunger G2.~c! Broadening for more strongly coupled dots; th
dotted line is a guide to the eye.~d! Variation of the absolute
value of the functiondGaver /dV expressing the sensitivity of the
detector.
2-3
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tor signal~0.2 ns!. That suggests that the observed broad
ing is not due to electron-electron scattering alone. Howe
the estimated time of 0.2 ns is close to experimental
theoretical estimates for electron-acoustic-phonon scatte
in dots of these dimensions.19 More specifically the tunneling
between the two dots is facilitated by the emission or abso
tion of acoustic phonons thus causing the energy broade
of these transitions.

The distribution of the measured linewidths, shown
Figs. 3~a! and 3~b!, implies that there is some mechanis
that is amplifying the shot noise in the detector causing
extra energy broadening in the double dot system which
lows the differential of the detector signal@Fig. 3~d!#. One
possible mechanism could be charged to two-level syst
that have been observed to generate telegraph noise in G
heterostructure material.20 Recent scanning probe measur
ments close to a 1D ballistic channel defined in similar h
erostructure material revealed several puddles of charg
to a micron away from the channel which affect the cond
tance of the 1D channel when electrons are removed f
them.21 The voltage spike in the detector caused by a sh
noise event could trigger an electron jump from one trap
its neighbor. This shift in charge then causes a change in
energy levels in the double dot system which is much lar
than that caused by the shot noise alone. Although the s
noise process may be rapid the polarization of charge in
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charge moves back to its original position. Because our m
surements are over the time scale of seconds this cause
apparent broadening of the transitions in the dot. When
differential of the detector signal against gate voltage i
maximum the shot noise is greatest and therefore there
greater probability of polarizing such an impurity site.

These measurements show that it is possible to de
single-electron tunneling from one dot to another in a co
pletely isolated submicron double dot system. They a
show that we can reduce the coupling between the dots
this reducesDSASuntil a minimum broadening mechanism
observed. This is larger thankBT and indicates the existenc
of a dephasing mechanism acting over a time scale of 0.2
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