RAPID COMMUNICATIONS

Long dephasing time and high-temperature conductance fluctuations
in an open InGaAs quantum dot

PHYSICAL REVIEW B 66, 24130%R) (2002

B. Hackens, F. Delfossé, S. Faniel C. Gustin! H. Boutry! X. Wallart? S. Bollaert? A. Cappy? and V. Bayot
1CERMIN, PCPM, and DICE Labs, Universi@atholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
2IEMN, Cite Scientifique, Villeneuve d'Ascq, France
(Received 4 October 2002; published 19 December 2002

We measure the electron phase-coherence tign@ip to 18 K using universal fluctuations in the low-
temperature magnetoconductance of an open InGaAs quantum dot. The temperature dependgrise of
guantitativelyconsistent with the two-dimensional model of electron-electron interactions in disordered sys-
tems. In our sampler,, 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-workers, low temperaturesr,(T) deviates from the above tempera-
open ballistic quantum dot)Ds) have mainly been used as ture dependence and an unexplained saturatiorrofis
tools to investigate two main issues: ballistic electron dy-observed?!4
namics and electron decoherence. When their mean free path |n the present work, we analyze magnetoconductance

becomes larger than the lateral dimensions of the QD, elegtyctuations arising from both phase-coherent and classical
trons can be viewed semiclassically as billiard balls. Dependfocysing effects in an InGaAs/InAlAs open circular QD over
ing on the geometrical symmetries of the QD, they can eitheg ige temperature rangérom 1.3 to 204 K. 7, is ex-

follow stable periodic orbits, probe particular trajectories be-4cteq up to 18 K from the amplitude of UCFs. We find that

tween the entrance and exit point contacts, or pe refleptgg¢(T) agrees quantitatively with the temperature dependence
back into the entrance point contact. These classical ballisti

. . . redicted for the dephasing time in disordered 2D electron
effects can be predicted semiclassically or quantum mechani-

. systems. Moreover, the absolute valuergfis two to four
cally and lead to large fluctuations of the magneto-,[im laraer in our samole than in GaAs/AlGaAs ODs. Thi
conductancé:® as the magnetic field is swept, the configu- €s farger in our sampie tha S S QDs. This

ration of stable trajectories is modified, which affects the€"Nancement is explained using the 2D model of e-e inter-
transmission through the QD. actions and taking into accou_nt the Iar_ger electron dens_lty
On the other hand, electron decoherence is mainly probeﬁnd the smaller electron effectwe mass in InGaAs, and using
thanks to the emergence of two quantum corrections to thé€ value ofl, measured in the 2DEG. -
magnetoconductance, weak localizatidML) and universal We measured the magnetoconductance of a ballistic quan-
conductance fluctuationdJCFs9), arising from quantum in- tum dot, fabricated on &-doped InGaAs/InAlAs hetero-
terferences between trajectories inside the QD. As interferstructure using electron-beam lithography and wet etching. A
ences only occur when phase coherence is maintained oveehematic layer sequence of the heterostructure is shown in
the trajectory length, WL and UCFs give also access to thé&ig. 1. At low temperature, the electron surface density in the
measurement of the electron phase-coherence#jm&®In  substrate isn=9.7x10'"cm ? and the mobility x~3
GaAs/AlGaAs open QDs, it was shoWrt! that the dephas- X 10* cn?/Vs, equivalent tol ,~500 nm. n is calculated
ing rate 7;51 is the sum of two electron-electrdie-e scat- from the Shubnikov—de Haas effect measured on a 500-nm-
tering rates: a large energy-transfer scattering mechanisiiide Hall bar patterned next to the cavity. Note that the
with a rate 7.2, and a small energy-transféNyquisy  €ffect becomes significant above 2 T. The dot has a circular
mechanism with a ratey *. The temperature dependence of Shape, with a lithographic diameter of 430 nm and opening
7,* was found to begualitatively consistent with the theo- widths of 65 nm. The depletion length at device edges is

retical expression established for disordered two-dimensional 22 M- Therefore, theeal diameter and ope_ning widths
(2D) electron system&1213 are, respectively, 380 nm and 15 nm. A metallic gate depos-

ited on the whole structure allows one to simultaneously tune
5 its shape and change the electron density. The measurements
i i i: ™ kl nE k_TE nﬂ 1) were performed at temperatures between 1.3 K and 204 K,
Ty Tee Tn 2 HhEg KT 2mh 1, A’ using a standard lock-in technique with less than 1 nA bias
current below 83 K and less than 10 nA above. In those
whereEr is the Fermi energy\g is the Fermi wavelength, ranges, the magnetoconductance was found to be current in-
andl , is the mean free path. Howevergaantitativeagree- ~ dependent.
ment with experimental data was only found for an arbitrary Figure 1 shows the magnetoconductar@éB) of the
value ofl,, one order-of-magnitude smaller th4p mea-  nanocavity at different temperatures, with the gate grounded.
sured in the two-dimensional electron g@DEG). At very  The mean conductandeés) of the cavity slightly increases
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FIG. 2. Top:G(B) at high temperature in our dot, with positions
of classical trajectories inside the cavity. Bottom: color ploGo&s
a function ofB andV, at low temperatur¢Ref. 17.

1.3K |o.4 e’h

1.6
maximum for trajectories linking both point contacts and a
i i i ; minimum for paths leading to electron reflection back into
08 04 0.0 0.4 0.8 the entrance point contact. Figure 2 shows the agreement
B(T) between the magnetic fields calculated for the expected tra-
jectories and the maxima and minima in the magnetoconduc-
FIG. 1. Top left: Layer sequence of the heterostructure. Thgance, The error bars on the graph take into account the un-
2DEG is located in the gray layer, and the delta-doped layer is th@giajnty about the electron density and the depletion length.
: - : ' gnjectlon inside the cavity. A more realistic picture would
netoconductance of the quantum dot at indicated temperatures. N?éke into account an injection cone, which effectively widens
tice the different conductance scales on top of each trace. ) D ;
the peaks. These maxima and minima are also robust with
respect to changes of the gate voltagg as shown in Fig.
with temperature from-1.4e%h at 1.3 K to~1.52e?/h at  2.}"*8This confirms that these fluctuations are very different
12 K and remains constant at higher temperature. This mearigom UCFs, which are much more sensitive to small changes
that the number of channelé; andN, in each point contact of Er. The maxima aB=0.81 T and 1.47 T correspond,
is between 1 and 2. We therefore assume a total number oéspectively, to a trajectory length,~596 nm and 700 nm,
channelsN=N;+N,=3. Below 12 K, the temperature de- both larger tharl,, even at low temperature. However, it
pendence of the maxima and minimaGiB) is mainly con-  was showr that ballistic effects can still be observed when
sistent with previous works. The magnetoconductance L =I «- Amore detailed analysis of these fluctuations is pre-
traces in Fig. 1 show the superposition of two distinct typessented elsewher@.
of reproducible conductance fluctuations with different tem- Next, the analysis of UCFs enables us to extract the
perature dependencies, both symmetric with resped to phase-coherence time,. In previous experiments on QDs,
=0. The first ones, also called UCFs, are related to electrom, was determined either from the magnetic-field depen-
interference phenomena inside the dot. Their characteristidence of UCFs in the edge-state regith@r by measuring
magnetic-field scale is-0.01 to 0.1 T. They persist up to 30 the weak-localization peak height or width* after averag-
K, much higher than previous experiments on open QDs fabing over a large number of magnetoconductance traces cor-
ricated from AlGaAs/GaAs heterostructure€:** Recently, responding to different dot shapéi® order to reduce the
measurements on a 25-nm InGaAs quantum wire demorlJCFs amplitudg Since in our sampley, also changes the
strated a persistence of UCFs up+d0 K.'® The amplitude electron density, we use another procedure based on the mea-
of the second type of fluctuation decreases even more slowlgurement of UCFs variance, which was shown to be equiva-
since they are still visible at 204 K, our highest measuremenient to the weak-localization methddIn this approach, the
temperature. Their characteristic magnetic-field scale izariance of UCFs is related tg, with an approximated ex-
~05T. pression, strictly valid ifA <k T whereA = 2742/m* Ay, is
We first discuss these high-temperature fluctuations. Frorthe mean energy-level spacing inside the dan* (
simple classical and geometrical arguments, one can calcu=0.042*m, is the electron effective mass, and,.
late the magnetic field corresponding to the main trajectories=0.113um? is the area of the dat In our case,A/k
inside the cavity using the expression iqf, the cyclotron ~1.2 K, which is comparable to our lowest measurement
radius® r.=#A(2mwn)YYeB. One expects a conductance temperature. Therefore, we have to use the following gener-
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FIG. 3. (a) Average power spectrum of conductance fluctuationsquantum dotgRefs. 10 and 11
at 2.3 and 83 K, in arbitrary units. The dashed line corresponds to

the C“t°ﬁ4frezque“°yc (see text (b) var(G) as afunction off,in  nisicant departure from the modél) in our temperature
:f:'ets;;’;eﬁt”:o' aeTVf’llllj-,al;evs in the range 0.3B<1 T. The dashed range. Hence, dephasing is fully determined by e-e interac-
' tions, and electron-phonon scattering is negligible even at 20
K (in 2D samples, a rate;locT3 is expected when electron-
phonon interaction dominat&s.
Figure 4 also compares our data to the electron dephasing
% o time in GaAs quantum dot$:'1?4The temperature depen-
var(G)= Jo fo f'(E)f'(E")cou(E,E")dEAE, (2)  dence ofr, is clearly similar in both types of QDs. One can
therefore reasonably conclude that dephasing is governed by
whereE andE’ are energiest’(E) is the derivative of the the same scattering mechanisms in both types of QDs. How-
Fermi function, COU(E,E')=<G>2/[(N+N¢)2+ A7*(E  ever, 74(T) is approximately two to four times larger in our
—E’)?/A?] is the conductance correlator, and InGaAs/InAlAs structure. In order to explain the origin of
=2mhl(T4A). the enhancement of, in our QD, we have gathered the
Before evaluatingar(G), UCFs must be separated from main parameters of our sample in Table I, along with the data
the slowly varying background of ballistic fluctuations dis- on GaAs QDs%! In the same way as Huibers and
cussed above. In order to identify the contribution of theseco-workers)”** we performed a fit of the formr,*(T)
slow fluctuations td5(B), we compare the power spectrum =aT+bT? to our data, whera andb are constants [this is
(PS of G(B) at low temperaturé2.3 K) and at high tem- an approximated form of Eq1)]. The coefficient of thel?
perature(83 K), where UCFs have disappearféig. 3@  term is a factor of 6—9 smaller in InGaAs QDs than in GaAs/
(Ref. 22]. At low frequencies £2 T~ 1), the PS is clearly AlGaAs QDs, while the coefficient of thE term varies only
temperature independent, and strongly dependsToat by a factor of~2—-3 among the various samples. The differ-
higher frequencies%2 T~1). Thereforepar(G) is evalu-  ence in the coefficient of th&? term can be explained by the
ated from high-pass filtereG(B) traces, with a cutoff fre- larger E¢ in our sample[see Eq.(1)], originating from a
quencyf.=2 T~ 1. Figure 3b) shows thavar(G) follows a  smallerm* and a largen. This explains the larger value of
~T~ 1% Jaw. The uncertainty overar(G) grows withT, as T4 IN OUr samplez,6 and further demonstrates the validity of
var(G) becomes comparable to the amplitude of the slowlythe 2D diffusive model of e-e interactio&q. (1)] in the
varying background at 20 K. Note thaar(G) is evaluated case of open QDs. Note that, around 14,in our InGaAs
in the range 0.3 ¥B<1 T, so thatr. is larger than the QD becomes closer to the, given in Ref. 11. In this range,
cavity radius, and time-reversal symmetry is broké® ( 7, is dominated by th& term, which depends on the ratio

alized formula for the variance of UCFsar(G), including
dephasing and thermal averagihg:

> ¢olAgor, Where gy is the quantum of magnetic flux \g/l, . Table | clearly shows that this ratio in our sample is
Figure 4 shows the temperature dependence of ex-  indeed very close to that in Ref. 11.
tracted fromvar(G) using a numerical evaluation of E@). In summary, we have evidenced classical ballistic focus-

The error bars orr,, take into account the uncertainty about ing effects up to 204 K in the magnetoconductance of
var(G), N, A, and(G). We observe a good quantitative an open InGaAs quantum dot. We have also measured
agreement between the measurgdT) and the theoretical the electron dephasing time up to 18 K using the variance
prediction for e-e scattering in a diffusive 2D system, i.e.,of universal conductance fluctuations. We find thg(T)

Eq. (1), with Er=#27n/m* =55.3 meV, |,=500 nm, and is quantitativelyconsistent with the temperature dependence
Ae=16 nm(dashed line in Fig. 4 Note that Eq(1) does not  predicted in 2D disordered systems. Furthermorg, in
have any adjustable parameters. We do not observe any sigur sample is larger than in GaAs/AlGaAs quantum dots
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TABLE |. Summary of relevant transport parameters for InGaAs and GaAs QDs, with the experimental

fits to 74(T).

GaAg GaAs®
m* (*mg) 0.067 0.067
n(10®* m~2?) 2 1.8
[, (nm) 1500 6000
Agor (um?) 8-1.6 4-0.4
A (neV) 0.8-4 1.8-17.9
Er (meV) 7.15 6.44
Ne/l, 0.037 0.01
5t (ns?) 5(x2)T+1.1(x0.3)T? 4T+9T? 10.9T +6.1T2

%Reference 11.
bReference 10.
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