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Long dephasing time and high-temperature conductance fluctuations
in an open InGaAs quantum dot
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We measure the electron phase-coherence timetf up to 18 K using universal fluctuations in the low-
temperature magnetoconductance of an open InGaAs quantum dot. The temperature dependence oftf is
quantitativelyconsistent with the two-dimensional model of electron-electron interactions in disordered sys-
tems. In our sample,tf is two to four times larger than previously reported in GaAs quantum dots. We attribute
this enhancement to a larger value of the Fermi energy and the lower electron effective mass in our sample. We
also observe a distinct type of conductance fluctuation due to ballistic electron focusing inside the dot up to
204 K.
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Since the pioneering work of Marcus and co-worker1

open ballistic quantum dots~QDs! have mainly been used a
tools to investigate two main issues: ballistic electron d
namics and electron decoherence. When their mean free
becomes larger than the lateral dimensions of the QD, e
trons can be viewed semiclassically as billiard balls. Depe
ing on the geometrical symmetries of the QD, they can eit
follow stable periodic orbits, probe particular trajectories b
tween the entrance and exit point contacts, or be refle
back into the entrance point contact. These classical ball
effects can be predicted semiclassically or quantum mech
cally and lead to large fluctuations of the magne
conductance:2–5 as the magnetic field is swept, the config
ration of stable trajectories is modified, which affects t
transmission through the QD.

On the other hand, electron decoherence is mainly pro
thanks to the emergence of two quantum corrections to
magnetoconductance, weak localization~WL! and universal
conductance fluctuations~UCFs!, arising from quantum in-
terferences between trajectories inside the QD. As inter
ences only occur when phase coherence is maintained
the trajectory length, WL and UCFs give also access to
measurement of the electron phase-coherence timetf .6–9 In
GaAs/AlGaAs open QDs, it was shown10,11 that the dephas
ing ratetf

21 is the sum of two electron-electron~e-e! scat-
tering rates: a large energy-transfer scattering mechan
with a rate tee

21 , and a small energy-transfer~Nyquist!
mechanism with a ratetN

21 . The temperature dependence
tf

21 was found to bequalitatively consistent with the theo
retical expression established for disordered two-dimensio
~2D! electron systems:10,12,13
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whereEF is the Fermi energy,lF is the Fermi wavelength
and l m is the mean free path. However, aquantitativeagree-
ment with experimental data was only found for an arbitra
value of l m , one order-of-magnitude smaller thanl m mea-
sured in the two-dimensional electron gas~2DEG!. At very
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low temperatures,tf(T) deviates from the above temper
ture dependence and an unexplained saturation oftf is
observed.11,14

In the present work, we analyze magnetoconducta
fluctuations arising from both phase-coherent and class
focusing effects in an InGaAs/InAlAs open circular QD ov
a wide temperature range~from 1.3 to 204 K!. tf is ex-
tracted up to 18 K from the amplitude of UCFs. We find th
tf(T) agrees quantitatively with the temperature depende
predicted for the dephasing time in disordered 2D elect
systems. Moreover, the absolute value oftf is two to four
times larger in our sample than in GaAs/AlGaAs QDs. Th
enhancement is explained using the 2D model of e-e in
actions and taking into account the larger electron den
and the smaller electron effective mass in InGaAs, and us
the value ofl m measured in the 2DEG.

We measured the magnetoconductance of a ballistic qu
tum dot, fabricated on ad-doped InGaAs/InAlAs hetero-
structure using electron-beam lithography and wet etching
schematic layer sequence of the heterostructure is show
Fig. 1. At low temperature, the electron surface density in
substrate isn59.731011 cm22 and the mobility m;3
3104 cm2/Vs, equivalent tol m;500 nm. n is calculated
from the Shubnikov–de Haas effect measured on a 500-
wide Hall bar patterned next to the cavity. Note that t
effect becomes significant above 2 T. The dot has a circ
shape, with a lithographic diameter of 430 nm and open
widths of 65 nm. The depletion length at device edges
;25 nm. Therefore, thereal diameter and opening width
are, respectively, 380 nm and 15 nm. A metallic gate dep
ited on the whole structure allows one to simultaneously tu
its shape and change the electron density. The measurem
were performed at temperatures between 1.3 K and 204
using a standard lock-in technique with less than 1 nA b
current below 83 K and less than 10 nA above. In tho
ranges, the magnetoconductance was found to be curren
dependent.

Figure 1 shows the magnetoconductanceG(B) of the
nanocavity at different temperatures, with the gate ground
The mean conductancêG& of the cavity slightly increases
©2002 The American Physical Society05-1
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with temperature from;1.4 e2/h at 1.3 K to;1.52e2/h at
12 K and remains constant at higher temperature. This me
that the number of channelsN1 andN2 in each point contac
is between 1 and 2. We therefore assume a total numbe
channelsN5N11N253. Below 12 K, the temperature de
pendence of the maxima and minima inG(B) is mainly con-
sistent with previous works.15 The magnetoconductanc
traces in Fig. 1 show the superposition of two distinct typ
of reproducible conductance fluctuations with different te
perature dependencies, both symmetric with respect tB
50. The first ones, also called UCFs, are related to elec
interference phenomena inside the dot. Their character
magnetic-field scale is;0.01 to 0.1 T. They persist up to 3
K, much higher than previous experiments on open QDs f
ricated from AlGaAs/GaAs heterostructures.1,10,11 Recently,
measurements on a 25-nm InGaAs quantum wire dem
strated a persistence of UCFs up to;10 K.16 The amplitude
of the second type of fluctuation decreases even more slo
since they are still visible at 204 K, our highest measurem
temperature. Their characteristic magnetic-field scale
;0.5 T.

We first discuss these high-temperature fluctuations. F
simple classical and geometrical arguments, one can ca
late the magnetic field corresponding to the main trajecto
inside the cavity using the expression ofr c , the cyclotron
radius:3 r c5\(2pn)1/2/eB. One expects a conductanc

FIG. 1. Top left: Layer sequence of the heterostructure. T
2DEG is located in the gray layer, and the delta-doped layer is
bold line. Top right: Electron micrograph of the device. Dark
regions are etched. The white bar represents 430 nm. Bottom: M
netoconductance of the quantum dot at indicated temperatures
tice the different conductance scales on top of each trace.
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maximum for trajectories linking both point contacts and
minimum for paths leading to electron reflection back in
the entrance point contact. Figure 2 shows the agreem
between the magnetic fields calculated for the expected
jectories and the maxima and minima in the magnetocond
tance. The error bars on the graph take into account the
certainty about the electron density and the depletion len
Note that we have assumed only one direction for car
injection inside the cavity. A more realistic picture wou
take into account an injection cone, which effectively wide
the peaks. These maxima and minima are also robust
respect to changes of the gate voltageVg , as shown in Fig.
2.17,18This confirms that these fluctuations are very differe
from UCFs, which are much more sensitive to small chan
of EF . The maxima atB50.81 T and 1.47 T correspond
respectively, to a trajectory lengthLe;596 nm and 700 nm,
both larger thanl m , even at low temperature. However,
was shown19 that ballistic effects can still be observed whe
Le* l m . A more detailed analysis of these fluctuations is p
sented elsewhere.20

Next, the analysis of UCFs enables us to extract
phase-coherence timetf . In previous experiments on QDs
tf was determined either from the magnetic-field dep
dence of UCFs in the edge-state regime,14 or by measuring
the weak-localization peak height or width,10,11 after averag-
ing over a large number of magnetoconductance traces
responding to different dot shapes~in order to reduce the
UCFs amplitude!. Since in our sample,Vg also changes the
electron density, we use another procedure based on the
surement of UCFs variance, which was shown to be equ
lent to the weak-localization method.21 In this approach, the
variance of UCFs is related totf with an approximated ex-
pression, strictly valid ifD!kT whereD52p\2/m* Adot is
the mean energy-level spacing inside the dot (m*
50.042*m0 is the electron effective mass, andAdot
50.113mm2 is the area of the dot!. In our case,D/k
;1.2 K, which is comparable to our lowest measurem
temperature. Therefore, we have to use the following gen

e
e

g-
o-

FIG. 2. Top:G(B) at high temperature in our dot, with position
of classical trajectories inside the cavity. Bottom: color plot ofG as
a function ofB andVg at low temperature~Ref. 17!.
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alized formula for the variance of UCFs,var(G), including
dephasing and thermal averaging:9

var~G!5E
0

`E
0

`

f 8~E! f 8~E8!cov~E,E8!dEdE8, ~2!

whereE andE8 are energies,f 8(E) is the derivative of the
Fermi function, cov(E,E8)5^G&2/@(N1Nf)214p2(E
2E8)2/D2# is the conductance correlator, andNf
52p\/(tfD).

Before evaluatingvar(G), UCFs must be separated fro
the slowly varying background of ballistic fluctuations di
cussed above. In order to identify the contribution of the
slow fluctuations toG(B), we compare the power spectru
~PS! of G(B) at low temperature~2.3 K! and at high tem-
perature~83 K!, where UCFs have disappeared@Fig. 3~a!
~Ref. 22!#. At low frequencies (&2 T21), the PS is clearly
temperature independent, and strongly depends onT at
higher frequencies (*2 T21). Therefore,var(G) is evalu-
ated from high-pass filteredG(B) traces, with a cutoff fre-
quencyf c52 T21. Figure 3~b! shows thatvar(G) follows a
;T21.5 law. The uncertainty overvar(G) grows withT, as
var(G) becomes comparable to the amplitude of the slow
varying background at 20 K. Note thatvar(G) is evaluated
in the range 0.3 T,B,1 T, so thatr c is larger than the
cavity radius, and time-reversal symmetry is brokenB
.f0 /Adot , wheref0 is the quantum of magnetic flux!.

Figure 4 shows the temperature dependence oftf , ex-
tracted fromvar(G) using a numerical evaluation of Eq.~2!.
The error bars ontf take into account the uncertainty abo
var(G), N, D, and ^G&. We observe a good quantitativ
agreement between the measuredtf(T) and the theoretica
prediction for e-e scattering in a diffusive 2D system, i.
Eq. ~1!, with EF5\2pn/m* 555.3 meV, l m5500 nm, and
lF516 nm~dashed line in Fig. 4!. Note that Eq.~1! does not
have any adjustable parameters. We do not observe any

FIG. 3. ~a! Average power spectrum of conductance fluctuatio
at 2.3 and 83 K, in arbitrary units. The dashed line correspond
the cutoff frequencyf c ~see text!. ~b! var(G) as a function ofT, in
units of e4/h2, evaluated in the range 0.3 T,B,1 T. The dashed
line is a fit to aT21.5 law.
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nificant departure from the model~1! in our temperature
range. Hence, dephasing is fully determined by e-e inte
tions, and electron-phonon scattering is negligible even a
K ~in 2D samples, a ratetf

21}T3 is expected when electron
phonon interaction dominates23!.

Figure 4 also compares our data to the electron depha
time in GaAs quantum dots.10,11,24 The temperature depen
dence oftf is clearly similar in both types of QDs. One ca
therefore reasonably conclude that dephasing is governe
the same scattering mechanisms in both types of QDs. H
ever,tf(T) is approximately two to four times larger in ou
InGaAs/InAlAs structure. In order to explain the origin o
the enhancement oftf in our QD, we have gathered th
main parameters of our sample in Table I, along with the d
on GaAs QDs.10,11 In the same way as Huibers an
co-workers,10,11 we performed a fit of the formtf

21(T)
5aT1bT2 to our data, wherea andb are constants25 @this is
an approximated form of Eq.~1!#. The coefficient of theT2

term is a factor of 6–9 smaller in InGaAs QDs than in GaA
AlGaAs QDs, while the coefficient of theT term varies only
by a factor of;2 –3 among the various samples. The diffe
ence in the coefficient of theT2 term can be explained by th
larger EF in our sample@see Eq.~1!#, originating from a
smallerm* and a largern. This explains the larger value o
tf in our sample,26 and further demonstrates the validity o
the 2D diffusive model of e-e interactions@Eq. ~1!# in the
case of open QDs. Note that, around 1 K,tf in our InGaAs
QD becomes closer to thetf given in Ref. 11. In this range
tf is dominated by theT term, which depends on the rati
lF / l m . Table I clearly shows that this ratio in our sample
indeed very close to that in Ref. 11.

In summary, we have evidenced classical ballistic foc
ing effects up to 204 K in the magnetoconductance
an open InGaAs quantum dot. We have also measu
the electron dephasing timetf up to 18 K using the variance
of universal conductance fluctuations. We find thattf(T)
is quantitativelyconsistent with the temperature dependen
predicted in 2D disordered systems. Furthermore,tf in
our sample is larger than in GaAs/AlGaAs quantum d

s
to

FIG. 4. Triangles:tf vs T in our InGaAs sample. Dashed line
theoreticaltf(T) in InGaAs, predicted using Eq.~1!. Solid and
dotted lines: fits to experimental values oftf(T) found for GaAs
quantum dots~Refs. 10 and 11!.
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TABLE I. Summary of relevant transport parameters for InGaAs and GaAs QDs, with the experim
fits to tf(T).

InGaAs GaAsa GaAsb

m* (* m0) 0.042 0.067 0.067
n(1015 m22) 9.7 2 1.8
l m (nm) 500 1500 6000
Adot (mm2) 0.113 821.6 420.4
D (meV) 90.6 0.824 1.8217.9
EF (meV) 55.5 7.15 6.44
lF / l m 0.05 0.037 0.01

tf
21 (ns-1) 5(62)T11.1(60.3)T2 4T19T2 10.9T16.1T2

aReference 11.
bReference 10.
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by a factor of 2–4, which we explain by a larger Ferm
energy. Our results therefore demonstrate that, at low t
perature,tf can easily be enhanced by controllingn, m* ,
and l m .
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