
Chapter 3Ballisti
 and Coherent e�e
tsin InGaAs quantum dotsOn fait la s
ien
e ave
 des faits, 
omme on fait une maison ave
des pierres : mais une a

umulation de faits n'est pas plus unes
ien
e qu'un tas de pierres n'est une maisonHenri Poin
ar�e3.1 Introdu
tionIn this 
hapter, we investigate ballisti
 ele
tron dynami
s and ele
tron 
o-heren
e in QDs fabri
ated from InGaAs heterostru
tures. SEM mi
rographsof our QDs, labeled A1�3 and B1�3 (for samples prepared from wafer A andB, respe
tively), are shown in Fig. 3.1.Previous works on open semi
ondu
tor QDs almost ex
lusively treatedrelatively large GaAs/AlGaAs QDs, with a small number of quantum 
han-nels in the leads. Our initial aim was to provide experimental data forsmaller ballisti
 QDs, made from di�erent materials, and 
ompare to pre-vious results in GaAs/AlGaAs QDs. InGaAs heterostru
tures were good
andidate substrates in view of this purpose. As explained in previous 
hap-ter, the ele
tron e�e
tive mass in InGaAs/InAlAs is signi�
antly lower thanin GaAs/AlGaAs heterostru
tures. Furthermore, stru
tures with a higher2DEG ele
tron density, equivalent to a smaller �F , 
an be produ
ed. Hen
e,our work 
omplements existing data: as an example, we probe the regime69



70 CHAPTER 3. INGAAS QUANTUM DOTS�� kT , mu
h more diÆ
ult to rea
h in GaAs/AlGaAs QDs, and we mea-sured QDs with a large number of modes in the openings.At �rst (se
tion 3.2), we illustrate the basi
 phenomenology of magne-to
ondu
tan
e 
u
tuations and os
illations in our QDs. As explained in
hapter 1, when the mean free path be
omes larger than lateral dimensionsof the QD, ele
trons 
an be viewed semi
lassi
ally as billiard balls. Depend-ing on the geometri
al symmetries of the QD, they 
an either follow stableperiodi
 orbits, or probe parti
ular traje
tories between the entran
e andexit point 
onta
ts, or be re
e
ted ba
k into the entran
e point 
onta
t.In se
tion 3.3, we analyze these 
lassi
al ballisti
 e�e
ts in sample B1, andshow that they persist up to strikingly high temperatures.Then, we fo
us on the extra
tion of the 
oheren
e time from the uni-versal 
ondu
tan
e 
u
tuations (se
tion 3.4). We present and 
ompare themethods used to obtain the temperature dependen
e of the 
oheren
e timein our samples, and analyze our results in light of existing theories in se
-tion 3.5. Finally, we investigate on the unexpe
ted low-temperature satu-ration of the 
oheren
e time, observed in all of our QDs. Putting togetherour data with previous measurements on QDs, we propose a solution to thispuzzling enigma (se
tion 3.6).
A1 A2 A3

B1 B2 B3Figure 3.1: SEM mi
rographs of InGaAs QDs A1�3 and B1�3. The whitebar represents 500 nm.



3.2. MAGNETOCONDUCTANCE 713.2 Magneto
ondu
tan
eAs the magneti
 �eld is swept, 
hanges o

ur in the ele
tron dynami
s insidethe QDs. Di�erent magneti
 �eld regimes of transport in the QDs 
anbe de�ned, as illustrated on Fig. 3.2, showing the magneto
ondu
tan
e ofsamples A1 and A3 at 1.7 K along with the limits of these regimes for ea
hQD. We �rst des
ribe the qualitative features of ea
h regime. A quantitativeanalysis of the magneto
ondu
tan
e features in di�erent regimes is proposedin the next se
tions.
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ondu
tan
e regimes in samples A1 and A3. The mag-neto
ondu
tan
e of sample has been o�set by 0.1 e2=h.In the low-jBj regime (region I on Fig. 3.2), the traje
tories 
an be ap-proximated as straight lines, as the magneti
 �eld has a negligible e�e
ton the 
urvature of ele
tron traje
tories. Moreover, time-reversal symmetryholds, whi
h means that 
oherent ba
ks
attering 
an o

ur (weak lo
al-ization regime, see se
tion 1.1.5). The magneti
 �eld also indu
es phase



72 CHAPTER 3. INGAAS QUANTUM DOTSdi�eren
es between the traje
tories, giving rise to UCFs (see se
tion 1.1.5).In our QDs, the weak lo
alization-related enhan
ement of resistan
e aroundB = 0 is `mixed' with UCFs. This means that, although there is always anextremum in G vs B at B = 0 (due to symmetry 
onditions), averaging over,e.g., several QD shapes would be needed to eviden
e the WL e�e
t. RegionI is de�ned by the 
ondition jBj < �0=A, sin
e, as jBj is in
reased above�0=A, time-reversal symmetry is broken (one 
ux quantum penetrates thequantum dot).At higher jBj, region II on Fig. 3.2, the 
urvature of ele
tron traje
toriesbe
omes signi�
ant. In this regime, the semi
lassi
al theory of transportstill holds. Note that the typi
al B-s
ale of the 
u
tuations is larger in theQD with the smallest area (this will be detailed in se
tion 3.4.2). This is inagreement with the semi
lassi
al predi
tion for the 
ondu
tan
e 
orrelationfun
tion [92℄ [Eq. (1.9)℄. When jBj further in
reases, the 
y
lotron radiusr
 be
omes small enough that a 
y
lotron orbit 
an �t inside the billiard.This regime (region III) is known as the `skipping orbit' regime, as the maintraje
tories 
ontributing to the ele
tron transport follow the edges of the
avity. Again, the onset of this regime depends on the size of the 
avity. It
orresponds to the 
ondition �r2
 = A, where r
 is given by Eq. (1.3).Noti
e also that the amplitude of the 
u
tuations is larger in the smallestQD (A3) over the whole B-range, while their average 
ondu
tan
e is verysimilar. The reason is explained in se
tion 3.4.1.Beside the di�erentB-regimes, the QDmagneto
ondu
tan
e also stronglydepends on temperature. We introdu
e the di�erent temperature regimesby examining the magneto
ondu
tan
e G vs B of sample B1 over a wideT -range (from 1.3 up to 204 K). The magneto
ondu
tan
e tra
es in Fig. 3.3show the superposition of low-temperature 
u
tuations and broader os
il-lations (or `peaks') with di�erent temperature dependen
es, both symetri
with respe
t to B = 0.Low-temperature 
u
tuations are related to ele
tron interferen
e phe-nomena o

uring inside the dot. The 
hara
teristi
 magneti
 �eld s
aleis � 0.01 to 0.1 T. They persist up to 30 K, mu
h higher than in previ-ous experiments on open QDs fabri
ated from AlGaAs/GaAs heterostru
-ture [112, 86, 84℄. The amplitude of the `broader' os
illations de
reaseseven slowlier, as they are still visible at 204 K, our highest measurementtemperature. Their 
hara
teristi
 magneti
 �eld s
ale is � 0.5 T.In summary, we de�ne two temperature regimes: the high-T regime(where only broad os
illations are visible in the magneto
ondu
tan
e) andthe low-T regime (where broad os
illations and interferen
e-related 
u
tua-tions 
ontribute to the magneto
ondu
tan
e). High-T os
illations are ana-
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Figure 3.3: Magneto
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e of sample B1 at indi
ated temperatures.Noti
e the di�erent 
ondu
tan
e s
ales on top of ea
h tra
e. The top gateis grounded for these measurements.



74 CHAPTER 3. INGAAS QUANTUM DOTSlyzed in the next se
tion and low-T 
u
tuations are dis
ussed in se
tion 3.4.3.3 High-T os
illations: fo
using traje
toriesAt �rst, we analyze the high temperature G vs B data (in sample B1). Wewill show that the broad magneto
ondu
tan
e os
illations in this regime 
anbe attributed to ballisti
 fo
using e�e
ts.Using the 
y
lotron radius formula [Eq. (1.3)℄ and given the size of the
avity, the magneti
 �eld position of the expe
ted semi
lassi
al traje
toriesin the QD 
an easily be evaluated [106℄. Fig. 3.4 shows that two traje
torieslinking both point 
onta
ts 
orrespond to maxima of G vs B at 0.81 Tand 1.47 T, and the minimum at 0.49 T is asso
iated with an ele
trontraje
tory re
e
ting ele
trons in the origin point 
onta
t. The error bars onthe graph take into a

ount the un
ertainty about the ele
tron density andthe depletion length.We have assumed only one dire
tion for 
arrier inje
tion inside the 
avity.A more realisti
 pi
ture would take into a

ount an inje
tion 
one, whi
he�e
tively widens the peaks. These maxima and minima are robust withrespe
t to small 
hanges of the gate voltage Vg, as shown on Fig. 3.4. 1This 
on�rms that these os
illations are very di�erent from UCFs, whi
hare mu
h more sensitive to small 
hanges of EF [21℄.Following simple geometri
al arguments, one 
ould draw several otherele
tron paths in the investigated magneti
 �eld range, whi
h should giverise to other minima and maxima in the magneto
ondu
tan
e. However, alltraje
tories do not 
ontribute equally to the magneto
ondu
tan
e. As de-vi
e boundaries are not perfe
tly shaped, ele
tron re
e
tions are not alwaysspe
ular. Therefore, traje
tories involving a small number of su
h re
e
tionshave a larger 
ontribution than more 
ompli
ated paths. Moreover, the `ro-bustness' of 
lassi
al traje
tories with respe
t to 
hanges of the inje
tionangle is not 
onstant among the traje
tories, as shown, e.g., in Ref. [109℄.2The amplitude Ap of the peaks in G vs B, shown on Fig. 3.5(a) as afun
tion of the temperature, are obtained after subtra
ting from ea
h valueof G vs B the value of the 
ondu
tan
e linearly interpolated between ea
hside of the peak (peak 1 is at B = 0:81 T and peak 2 is at B = 1:47 T).As this method adds the amplitude of a maximum to that of the adja
ent1We 
he
ked that, over the investigated Vg range, the 
hange in ns was too small toindu
e signi�
ant 
hanges of the 
y
lotron radius.2A very 
omplete analysis of the stability of ele
tron traje
tories in triangular QDs isgiven in Ref. [106℄.
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e of the amplitude of peaks 1 and 2(see text) in sample B1. Open squares 
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e of the 
hangein Lf (open symbols) and in the longitudinal 
ondu
tan
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3.3. HIGH-T OSCILLATIONS: FOCUSING TRAJECTORIES 77minima, it only gives an indi
ation on the temperature dependen
e of Ap,but not on the absolute value. Note also that the extra
tion of Ap waslimited to above 20 K, be
ause UCFs amplitude be
omes 
omparable tothe amplitude of the os
illations. To over
ome this limitation, we have alsoextra
ted Ap from low-pass �ltered G vs B 
urves below 20 K. Ap vs T(Fig. 3.5(a)) show no saturation at low temperature, whi
h is reminis
ent ofthe temperature dependen
e of the magneto
ondu
tan
e peaks observed info
using experiments.Fo
using measurements [151, 75, 73℄ eviden
ed that the fo
using peakamplitude Ap depends on the traje
tory length Le and the `fo
using meanfree path' Lf a

ording to Eq. (1.4) (se
tion 1.1.3). The maxima atB = 0:81T (peak 1) and 1.47 T (peak 2) 
orrespond respe
tively to traje
tory lengthsLe � 596 nm and 700 nm, both larger than the ele
tron mean free path inthis QD, even at low temperature. This 
on�rms that ballisti
 e�e
ts 
anstill be observed when Le & l�, as already eviden
ed by Hirayama andTaru
ha [78℄.In order to 
al
ulate Lf from Eq. (1.4), the value of A0 has to bedetermined. This requires a referen
e value for Lf at a given temperature,whi
h is not available. Therefore, we only 
al
ulate the 
hange in Lf withrespe
t to its value at 204K, Lf=Lf;204K. Fig. 3.5(b) 
ompares these datato the relative 
hange in the longitudinal 
ondu
tan
e of the unpatternedtwo-dimensional ele
tron gas, G2DEG, with respe
t to the 
ondu
tan
e at204K, G2DEG;204K. G2DEG=G2DEG;204K is dire
tly proportional to the meanfree path l�.We observe a 
lear saturation of G2DEG=G2DEG;204K below �50 K, while,as T de
reases, Lf=Lf;204K in
reases 
ontinuously. This di�eren
e likely
omes from a di�erent sensitivity of l� and Lf to small-angle s
atteringme
hanisms, as already eviden
ed by Heremans and 
o-workers in di�erenttypes of fo
using experiments [73, 72℄. At low temperature, while Lf is in
u-en
ed both by small-angle ele
tron-phonon s
attering and elasti
 s
attering,l� is only a�e
ted by the latter me
hanism (this implies Lf < l� [75℄). Onthe 
ontrary, in the high-temperature limit, the temperature dependen
es ofG2DEG=G2DEG;204K and Lf=Lf;204K are similar, whi
h means that both l�and Lf are governed by the same me
hanisms: ele
tron-phonon s
attering.As the above analysis reveals that the temperature dependen
e of Lf in ourQDs is very similar to results obtained in pure fo
using experiments, weasso
iate high-T os
illations to fo
using traje
tories.Performing a similar analysis on data from the other open quantum dotsis not as straightforward as for B1. The reason is that the geometri
alsymmetry of the other QDs is lower. As B1 is (almost) 
ir
ular, it possesses
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(a) (b)

Figure 3.6: (a) Two 
lassi
al traje
tories for ele
trons inje
ted from theleft (in white) or right (in bla
k) QPC in sample B1. (b) Two 
lassi
altraje
tories for ele
trons inje
ted from the top (in white) or bottom (inbla
k) QPC in sample A2.symmetry axes both parallel and perpendi
ular to the 
urrent dire
tion.Therefore, we expe
t that the sequen
es of s
attering events of ele
tronsinje
ted from both openings are similar, as shown on Fig. 3.6(a).Conversely, when there is no symmetry axes perpendi
ular to the 
urrent
ow, as in all the other QDs, this no longer holds: even if, for a parti
ularB, ele
trons inje
ted from one of the openings follow an `easy' traje
tory tothe other opening, it is not likely to be true for ele
trons inje
ted from theother opening. This is illustrated on Fig. 3.6(b) in the 
ase of sample A2.In our 
ondu
tan
e measurements, the 
urrent is inje
ted from bothopenings sin
e we use an a
 lo
k-in te
hnique. As a result, the e�e
t ofperiodi
 orbits or stable traje
tories on the magneto
ondu
tan
e is some-what averaged out in asymmetri
 devi
es. However, there is still a high-temperature ba
kground in the G vs B 
urves of the other (asymmetri
)QDs, but it is mu
h more diÆ
ult to asso
iate maxima and minima in thisba
kground to periodi
 
lassi
al orbits.3.4 Low-T 
u
tuations : �� extra
tionThe analysis of UCFs in the low-T regime enables us to extra
t the phase
oheren
e time ��. In most previous experiments [86, 84, 130℄, the determi-nation of �� in QDs was based on the measurement of the weak lo
alizationpeak height or width, after averaging over a large number of magneto
on-du
tan
e tra
es 
orresponding to di�erent dot shapes (but with the same



3.4. LOW-T FLUCTUATIONS : �� EXTRACTION 79area), in order to redu
e UCFs amplitude (Fig. 1.8, and se
tion 1.1.5).In our samples, the geometry of the QDs is not de�ned by metali
 gates,but rather by wet et
hing. In some QDs (B1�2), a gate is deposited overthe whole stru
ture. In this 
ase, the gate voltage Vg not only 
hanges theshape of the QD, but also its area, and the ele
tron density. This makes theweak lo
alization method impossible to apply in our QDs, and for
es us tolook for alternative methods.3Sin
e we are interested in the determination of the absolute value of ��,and not just its temperature dependen
e, we 
onsolidate our data analysisby the use of two di�erent methods to extra
t �� from UCFs. The �rstone (presented in the next se
tion) is based on the measurement of UCFsvarian
e at low magneti
 �eld, whi
h was shown to be equivalent to the weaklo
alization method [85℄. The se
ond method, presented in se
tion 3.4.2 isbased on the auto
orrelation �eld of the UCFs at high magneti
 �eld.3.4.1 Low-B UCFs (RMT)Random Matrix Theory provides several formulas relating var(G) and ��(se
tion 1.2.4). The �rst step in our analysis is therefore to obtain var(G).This requires to separate "ele
tron-interferen
es-related" 
u
tuations fromthe slowly varying ba
kground of ballisti
 os
illations dis
ussed in the pre-vious se
tion. In order to identify the 
ontribution of these slow os
illationsto G vs B, we 
ompare the power spe
trum (PS) of G vs B at low tem-perature (2.3 K) and at high temperature (83 K), where UCFs have disap-peared (Fig. 3.7(a), sample B1).4 At low frequen
ies (. 2 T�1), the PS is
learly temperature-independent, while it strongly depends on T at higherfrequen
ies (& 2 T�1). Based on this observation, we evaluate var(G) fromhigh-pass �ltered G vs B tra
es, with a 
ut-o� frequen
y f
 = 2 � 3 T�1(depending on the sample - the error bar over �� takes into a

ount thisun
ertainty). Su
h a �ltering pro
edure also removes a small 
ontributionof low-f UCFs from var(G). This is a 
ause of a slight underestimation of��. Fig. 3.7(b) shows that var(G) follows a � T�1:5 law in B1. The error barover var(G) grows with T , as var(G) be
omes 
omparable to the amplitude3Note also that at high absolute voltage, we measured a leakage 
urrent between the2DEG and the gate. In this regime, it is no longer possible to perform reliable mea-surements of G. This prevented the use of top gates to 
ompletely deplete the 2DEGunderneath (and, hen
e, to fabri
ate top-gate-de�ned QDs).4Spe
tra in Fig. 3.7(a) are averages of 3 fast Fourier transforms power spe
tra fromhalf overlapping blo
ks in the range 0:3 T < B < 4 T.
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3.4. LOW-T FLUCTUATIONS : �� EXTRACTION 81of the slowly varying ba
kground at 20 K. Note that var(G) is evaluated inthe range 0:3 T < B < 1 T, so that r
 is larger than the 
avity radius, andtime-reversal symmetry is broken (regime II on Fig. 3.2).Next, we have to 
hoose the adequate expression to evaluate �� fromvar(G). In a previous work [85℄, an approximated expression was used,stri
tly valid if � � kT . This 
ondition is not ful�lled in our samples atlow temperature, due to the large value of �. Therefore, we have to use thefollowing generalized formula for the varian
e of UCFs, in
luding dephasingand thermal averaging [57℄:var(G) = Z 10 Z 10 f 0(E)f 0(E 0)
ov(E;E 0)dEdE 0; (3.1)where E and E 0 are energies, f 0(E) is the derivative of the Fermi fun
tionand 
ov(E;E0) is the 
ondu
tan
e 
orrelator. Here, we use:5
ov(E;E 0) = hGi2(N +N�)2 + 4�2(E �E 0)2=�2 : (3.2)This 
orrelator is equivalent to Eq. (14) of Ref. [28℄, with a = b = 0 (spinless
ase), and hGi given by Eq. (13) of Ref. [28℄, whi
h depends on N1, N2 (thenumber of modes in ea
h QPC) and N . As indi
ated by the authors, Eq.(13) and (14) of Ref. [28℄ with a = b = 0 re
over the result of Frahm [57℄,and is equivalent to the `universal' behavior for var(G) predi
ted by RMTin the 
ase of T ! 0 and N� ! 0 [17, 94℄. The total number of modes N inthe leads is determined from the average 
ondu
tan
e of the QD, a

ordingto Eq. (1.14).6 In the 
ase of non-integer average 
ondu
tan
e, we assumethat the number of modes is not equal in both QPCs: e.g. in B1, theaverage 
ondu
tan
e is 1:4 e2=h, so that N = 3, the two QPCs supportingrespe
tively one and two quantum modes.Equations (3.1) and (3.2) explain the di�erent amplitudes of UCFs insamples A1 and A3, observed on Fig. 3.2. Samples A1 and A3 have similarhGi, N and ��, but, as A is larger in A1, � is smaller, so that 
ov(E;E0)and hen
e var(G) are smaller in A1.5In the next 
hapter 
on
erning bismuth systems, we use two additional 
orrelators,due to the 
ontribution of SO 
oupling and imperfe
t leads.6This means that we assume that the measured QD 
ondu
tan
e is dominated by thepoint 
onta
t 
ontributions, whi
h are taken to add as Ohmi
 resistors in series for thedetermination of the number of modes [see Eq. (1.14); in this 
hapter, N is the totalnumber of modes in the QPCs, while M in Eq. (1.14) is the number of modes in ea
hQPC℄. This also implies that the transmission fa
tor through the QD is large (
lose to 1).



82 CHAPTER 3. INGAAS QUANTUM DOTSEq. (3.1) is solved numeri
ally to extra
t ��. Note that using this methodin the 
ase of a small N� (large ��) with respe
t to N may yield very largeun
ertainty over ��. This is the sour
e of a signi�
ant 
ontribution to theerror bar over �� in the 
ase of sample B1 (see below), and also prevents anyreliable extra
tion of �� in B2 using this method (i.e. the error bar wouldbe prohibitively large in the 
ase of this sample).3.4.2 High-B UCFsThe se
ond method to extra
t �� is based on the high-B dependen
e of theUCFs, as already used for QDs in Refs. [23, 130℄ and for wires in Ref. [29℄.This method is not based on the amplitude of the 
u
tuations, but ratheron their typi
al `period', or typi
al B-s
ale.Fig. 3.8(a) shows the magneto
ondu
tan
e of sample A1 at 1.7 K. At�rst sight, one 
an see that the typi
al B-s
ale of the 
u
tuations is largerat high-B than at low-B. This is related to the formation of skipping orbitsat the edge of the 
avity, as the 
y
lotron orbit size be
omes smaller thanthe QD dimension [this happens for B & 1:6 T in A1, as indi
ated by thedashed line on Fig.3.8(a)℄. In this regime, the e�e
tive area for ele
troninterferen
es (en
losed between the skipping traje
tories and the QD edges)de
reases as B in
reases. This 
auses the broadening of the B-s
ale of the
u
tuations.To be more quantitative, we formalize this simple pi
ture. At �rst, wede�ne the 
orrelation fun
tion (see also se
tion 1.2.3):C(�B) = h[G(B)� hG(B)i℄[G(B + �B)� hG(B)i℄i: (3.3)In Fig. 3.8(b), we show two normalized 
orrelation fun
tions, 
al
ulated overdi�erent B-ranges (at low-B and high-B) using Eq. (3.3). The 
orrelation�eld B
 (the "typi
al B-s
ale of the 
u
tuations") is then de�ned from thehalf-width of this 
orrelation fun
tion : F (B
) = F (0)=2. It is 
lear fromFig. 3.8(b) that B
 is larger for the high B 
orrelation fun
tion. B
 
al
u-lated using this method is shown on Fig. 3.8(
) as a fun
tion of the meanB value in ea
h range. In the `skipping orbit' regime, B
 vs B linearlyin
reases, due to the shrinking of the area for ele
tron interferen
es as Bin
reases. It 
an be demonstrated that B
 vs B is dire
tly related to �� [23℄:B
(B) = 8�2m�B=hk2F �� + C; (3.4)where C is a 
onstant.7 We dire
tly obtain �� by �tting B
 vs B withEq. (3.4). As an example, the �t on Fig. 3.8(
) gives �� � 2� 0:3 ps.7This 
onstant has been added to a

ount for the fa
t that B
(B = 0) 
annot be equal



3.4. LOW-T FLUCTUATIONS : �� EXTRACTION 83It is important to note that when the amplitude of Shubnikov-de Haasos
illations be
omes signi�
ant 
ompared to UCFs amplitude, this method
an no longer be used. This 
ondition hen
e de�nes the upper limit inmagneti
 �eld of the range where this method is appli
able. In some samples,this range is so redu
ed that no reliable result 
ould be obtained using thismethod. This point is parti
ularly 
riti
al in small-area QDs, with smallUCFs amplitude, su
h as A3. In this 
ase, Shubnikov-de Haas os
illationsmay be non-negligible at the onset of the skipping-orbit regime.3.4.3 Comparison of �� extra
tion te
hniquesIn our samples, the temperature dependen
e of �� was ex
lusively obtainedusing the two methods detailed in previous se
tions, namely the RMTmethod and the 
orrelation �eld method. In two samples (A1 and B1),both te
hniques 
ould be used.Fig. 3.9 shows the 
omparison between the values of �� obtained withboth methods in the latter samples. 8 The error bars on �� take into a

ountthe un
ertainty about var(G) (due to the 
hoi
e of the 
ut-o� frequen
y),N , T , � and hGi in the 
ase of RMT method, and, in the 
ase of the 
orre-lation �eld method, the un
ertainty about the linear �t of B
 vs B (whi
his by far the main 
ontribution to the error bar over ��). The overall agree-ment between the methods is reasonable, knowing that their foundationsare di�erent. This agreement indi
ates that our data are not signi�
antlya�e
ted by the limitations of the RMT in the 
ase of QDs with non-idealQPCs [11℄: as already pointed out in se
tion 1.2.4, this type of 
orre
tion issmall when N� � 1, a 
ondition whi
h is satis�ed in our samples. However,we observe on Fig. 3.9 that the 
orrelation �eld method always yields smallervalues for �� (fa
tor of 1.5 - 2 redu
tion with respe
t to RMT results). Thisdis
repan
y may 
ome from the di�erent ele
tron dynami
s inside the QDsin di�erent magneti
 �eld regimes.In the other QDs, only one method 
ould be applied to extra
t ��. In B2,the RMT method yielded a very large un
ertainty on �� over the whole tem-perature range, so we only used the 
orrelation �eld te
hnique to determine�� 9 (this was only possible for one temperature, for whi
h we measured Gto zero (this is 
on�rmed experimentally on Fig. 3.8(
), and in previous experimentalworks [23℄). However, there is no theoreti
al ba
kground to support it.8Con
erning �� vs T in B1, Fig. 3.9 displays results extra
ted using parameters slightlydi�erent from those used in ref. [64℄. This is the origin of the small di�eren
e with �� vsT data that we published in Ref. [64℄.9Note that var(G) vs T data for this sample is available and is presented below.
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Figure 3.8: (a) Magneto
ondu
tan
e of sample A1 at 1.7 K. The dashedline marks the transition to the "skipping-orbits" regime. (b) Correlationfun
tion F vs �B 
al
ulated over the indi
ated magneti
 �eld ranges (F isnormalized at 1 for �B = 0). The 
urves are obtained after averaging over�ve 
orrelation fun
tions 
al
ulated on smaller ranges. (
) Correlation �eldB
 vs B. The dashed line is a linear �t to the data in the skipping orbitsregime (the onset of this regime is indi
ated by the arrow).
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 Correlation field methodFigure 3.9: (a-b) �� vs T in samples B1 and A1 obtained using the RMTmethod (�lled symbols) and the 
orrelation �eld method (open symbols).vs B at suÆ
iently high B). For the remaining samples (A2, A3 and B3) weused ex
lusively the RMT method, either due to the la
k of measurementsat suÆ
iently high B, or to the too redu
ed B-range of appli
ability of the
orrelation �eld method (see above).3.5 Temperature dependen
e of ��After the presentation of the extra
tion methods, we examine the extra
teddata. First, we 
on
entrate on �� vs T data from sample B1, shown onFig. 3.10 (�lled 
ir
les) along with data from B2 and B3. We 
learly ob-serve two temperature regimes, with distin
t T -dependen
es of ��: the low-temperature regime is 
hara
terized by a very weak or an absen
e of tem-perature dependen
e (saturated regime), while the T -dependen
e is mu
hstronger in the high temperature regime. As we show below, all our InGaAsQDs show a similar behaviour.10To begin, we 
onsider only the high temperature regime. The bold lineon Fig. 3.10 is the theoreti
al predi
tion for e-e s
attering in a di�usive2D system with the parameters of wafer B, i.e. Eq. (1.22) with EF =~2�nsm� = 55:3 meV, l� = 500 nm and �F = 16 nm. Note that Eq. (1.22)does not have any adjustable parameters. Surprisingly, in B1, we observe10The transition temperature (Tonset) between these regimes will be rigorously de�nedin the next se
tion.
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3.5. TEMPERATURE DEPENDENCE OF �� 87a remarkable quantitative agreement between the measured �� vs T andthis model in the high temperature range.11 Hen
e, in B1, de
oheren
e isfully determined by `2D' e-e intera
tions, and ele
tron-phonon s
attering isnegligible even at 20 K. We re
all that, in 2D samples, a rate ��1� / T 3 isexpe
ted when ele
tron-phonon intera
tion dominates [120℄.Table 3.1: Summary of relevant transport parameters for B1 and GaAs QDs,with the experimental �ts to ��(T ).B1 GaAs[84℄ GaAs[86℄m�(�m0) 0:04 0:067 0:067ns(1015m�2) 9:7 2 1:8l�(nm) 500 1500 6000A(�m2) 0:113 8� 1:6 4� 0:4�(�eV) 90:6 0:8� 4 1:8� 17:9EF (meV) 55:5 7:15 6:44�F =l� 0:05 0:037 0:01��1� (ns�1) 5(�2)T + 1:1(�0:3)T 2 4T + 9T 2 10:9T + 6:1T 2Fig. 3.10 also 
ompares our data with the ele
tron 
oheren
e time inGaAs quantum dots [86, 84℄.12 The temperature dependen
e of �� is 
learlysimilar in B1 and in GaAs QDs at high temperature. One 
an thereforereasonably 
on
lude that, in the high-T regime, dephasing is governed bythe same s
attering me
hanisms.However, �� is � 2 to 4 times larger in B1 than in GaAs QDs at hightemperature (non-saturated regime). In order to explain the origin of thislarger �� in B1, we have gathered the main parameters of our sample inTable 3.1, along with the data on GaAs QDs from Referen
es [86, 84℄. Inthe same way as Huibers and 
oworkers [86, 84℄, we performed a �t of the11We re
all that, even at 20 K, transport is still ballisti
 in B1: the mean free path(500 nm) is almost 
onstant up to 50 K in all our wafers (see Fig. 1.1), and is largerthan the dimensions of the QD. Therefore, as B1 does not ful�ll the hypothesis of themodel (1.22), it is surprising to observe su
h a good agreement between this theory andour experiment. We refer to se
tion 1.3.2 for a dis
ussion of the (few) available modelsfor the T -dependen
e of �� in 0D. These models do not �t to our data.12The experimental �ts for �� vs T in GaAs/AlGaAs QDs (Fig. 3.10) are extrapolated upto 10 K for 
omparison purposes: the data were measured in the range 0:03 K < T < 4 K.



88 CHAPTER 3. INGAAS QUANTUM DOTSform ��1� (T ) = aT + bT 2 to our data, where a and b are 
onstants (this isan approximated form of Eq. (1.22)). The 
oeÆ
ient of the T 2 term is afa
tor of 6 to 9 smaller in InGaAs QD than in GaAs/AlGaAs QDs, whilethe 
oeÆ
ient of the T term varies only by a fa
tor of � 2 to 3 among thevarious samples. The di�eren
e in the 
oeÆ
ient of the T 2 term 
an beexplained by the larger EF in our sample [see Eq. (1.22)℄, originating from asmaller m� and a larger ns. This explains the larger value of �� in B1. Notethat, around 1K, �� in our InGaAs QD be
omes 
loser to the �� given inref. [84℄. In this range, �� vs T is dominated by the T term, whi
h dependson the ratio �F =l�. Table 3.1 
learly shows that this ratio in our sample isindeed very 
lose to that in ref. [84℄.Next, we examine the data for the other QDs. The only data pointavailable for B2 does not allow for mu
h dis
ussion. Nevertheless, we ob-serve that �� is lower than in B1 at this temperature. As we will show belowfrom var(G) vs T data, �� in B2 is in the saturated regime at this tempera-ture, so that we 
an not infer anything about its T -dependen
e in the hightemperature regime.The ni
e simple pi
ture presented above for B1 
learly breaks down inthe 
ase of sample B3, fabri
ated on the same parent substrate as B1, butwith a larger ns due to the illumination during sample 
ooldown (ns =2:8 � 1016 m�2 in B3 
ompared to ns = 1016 m�2 in B1). �� has indeeda weaker T dependen
e (� T�2=3) and a mu
h smaller absolute value inB3 than in B1. Using the parameters of B3, �� predi
ted by Eq. (1.22) is� 1 to 2 orders of magnitude larger than experimental values in the hightemperature (T -dependent) regime.The reason for this dis
repan
y is most probably that the in
reasedns 
auses the population of the se
ond ele
troni
 subband, as shown bythe beating pattern in the Shubnikov-de Haas (SdH) os
illations, measured
lose to the 
avity B3 (Fig. 3.11). From Hall measurements performed si-multaneously with the UCFs measurements on the QD, we estimate ns �2:8 � 1016 m�2. The total ele
tron density obtained from SdH os
illationsis a bit larger � 3:4 � 1016 m�2. The origin of this enhan
ement is thatthe data were measured during di�erent 
ooldowns of the sample (and mostprobably a di�erent number of photo-generated 
arriers). SdH data alsoyield a sheet density 2:8 � 1016 m�2 for the �rst subband. It is thereforevery likely that the onset of se
ond subband population was rea
hed duringthe UCFs measurements on B3.Se
ond subband population a�e
ts the ele
tron mobility, as reported inRef. [150℄. However, taking into a

ount even a large 
hange of mobility in
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(a) (b)Figure 3.11: (a) Longitudinal resistan
e as a fun
tion of the inverse magneti
�eld at 0.3 K, measured 
lose to the QD on sample B3. Two distin
t periodsare observed in the Shubnikov-de Haas os
illations. (b) Fourier power (ar-bitrary units) vs frequen
y, 
al
ulated from the magnetoresistan
e data in(a). f1 and f2 are the frequen
ies 
orresponding to the main lo
al maximain the Fourier power spe
trum. ns1 and ns2 are the ele
tron sheet densities
al
ulated from f1 and f2.Eq. (1.22) would not reprodu
e our data. Therefore, we believe that thepopulation of the se
ond subband 
auses the emergen
e of an additional 
on-tribution to the ele
tron de
oheren
e rate in our QDs, larger than the 
ontri-butions of Eq. (1.22), and 
hara
terized by 1=�� / T p with p < 1. A T�0:8dependen
e for �� was re
ently reported by our group in a QD fabri
atedfrom a wide GaAs quantum well with two o

upied subbands [63℄, whi
h is inagreement with our hypothesis. Furthermore, a re
ent experiment on illumi-nated unpatterned 2DEGs fabri
ated from In0:53Ga0:47As=InP heterostru
-tures 
on�rms that 1=�� signi�
antly in
reases when the se
ond subband ispopulated [135℄. As far as we know, a theory des
ribing this in
reased de-
oheren
e rate in two-subband 2DEGs or QDs does not exist yet. However,de
oheren
e rates are related to the number of available states, whi
h meansthat the 
ontribution of the states available in the se
ond subband is likelyto be the origin of the large de
rease of �� observed in our 
ase.Disagreement with the 
onventional 2D dephasing theory [Eq. (1.22)℄ isalso observed in the remaining samples, fabri
ated from wafer A. �� vs Tdata from these samples are shown in Fig. 3.12(e-g). While the observed
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hed). Dotted lines are �ts to T�a (with di�erent a for ea
h QD).(e-h) �� vs T in A1�3 and B1. �=k is indi
ated above ea
h graph, with itserror bar, as a bla
k re
tangle. Dashed lines 
orrespond to �� � T�1 laws.



3.6. SATURATION OF �� 91temperature dependen
e in these QDs (�� � T�1, in the high-T regime) isin agreement with Nyquist ele
tron-ele
tron s
attering in 2D, a quantitative
omparison with this model's predi
tion reveals a strong dis
repan
y: thetheoreti
al values are about one order of magnitude larger than the exper-imental ��. The ele
tron density in A1�3 (ns = 2:4 � 1016m�2) is slightlylower than in B3. However, beating in the Shubnikov-de Haas pattern (ifany) is mu
h less 
lear in wafer A than in B3. Nevertheless, Saveliev and
oworkers [135℄ showed that the de
oheren
e rate 
an be a�e
ted even by avery small ele
tron 
on
entration in the se
ond subband.To summarize, our data 
on�rm the need for a more detailed mi
ros
opi
theory of dephasing in 0D 
ondu
tors, taking into a

ount geometri
al as-pe
ts as well as the 
ontribution of intersubband s
attering. Although ��in B1 is in good agreement with predi
tion of the existing theory for disor-dered 2D systems, de
oheren
e rates are mu
h larger than expe
ted in A1�3and B3, probably due to se
ond subband population (although no theory isavailable to 
he
k this hypothesis). Nevertheless, the T -dependen
e is notfar from theoreti
al predi
tions for 2D disordered systems.13 We 
an there-fore not rule out that a theory more adapted to our parti
ular situation(i.e. 0D ballisti
 systems), but without any 
ontribution from intersubbands
attering would explain our data.3.6 Saturation of ��Here, we examine the low-temperature �� vs T , where �� is found to saturate,and fo
us on the onset of this regime. In order to identify possible originsof this saturation, we �rst investigate the e�e
t of the QD area. With hGi
lose to e2=h, both var(G) and �� data from A1�3 and B1 are presented inFig. 3.12. For ea
h QD, two temperature ranges, with distin
t temperaturedependen
es, are 
learly visible. In both ranges, var(G) is �tted by a � T�alaw, with a smaller a in the low-T range.14 The 
rossing-point of the twopower-law �ts then de�nes the transition temperature Tonset between thetwo regimes. Fig. 3.12(a-d) shows Tonset with its error bar as a shaded area.Obviously, Tonset, whi
h also 
orresponds to the onset for the saturation of�� 15 (as shown on Fig. 3.12(e-h)), in
reases as the QD area de
reases. Sin
eexperimental setup, hGi and heterostru
tures are essentially un
hanged for13�� / T�p, with an observed 1 . p . 1:5 and p � 2=3 in a parti
ular 
ase, 
omparedto a predi
ted 1 < p < 2.14Note that a depends on the sample parameters.15Tonset is more pre
isely determined from var(G) vs T than from �� vs T : the relativeerror over �� as well as the dispersion of �� vs T data is larger than in the 
ase of var(G).



92 CHAPTER 3. INGAAS QUANTUM DOTSall 4 samples, this result 
learly shows that the saturation is indeed intrinsi
to the QDs and that the ruling physi
al parameter(s) need to be seeked.
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500 nm 500 nm(a) (b)Figure 3.13: (a-b) var(G) vs T in B2 and B3. Insets show mi
rographs ofthe samples. Dotted lines are �t to power laws. �=k is indi
ated above ea
hgraph, with its error bar, as a bla
k re
tangle.More quantitatively, our data in Fig. 3.12 show that �=k, proportional toA�1, mat
hes very 
losely Tonset in samples A1�3 and B1 (see Fig. 3.12(e-h)where �=k is indi
ated above ea
h graph). At �rst sight, our data 
on�rmsome earlier reports that linked � and Tonset [23, 119℄. However, we will showhereafter that this rule is only valid is some 
ases and that the openings ofthe QDs also play a 
ru
ial role.Based on the data presented above, samples B2 and B3 have been de-signed to present a large Tonset (small A), and a mu
h larger N than the4 previous samples. The data for these samples (Fig. 3.13(b)) shows thatTonset rea
hes � 5:5 K (in B3), mu
h larger than in any previous report.16Clearly, in
reasing N results in a larger Tonset, so that, now, two parameters(N and �), have a similar in
uen
e on Tonset.Following these observations, it is natural to plot Tonset as a fun
tion ofthe dwell time �d, whi
h depends both on � and N [Eq. (1.2)℄. As empha-sized in se
tion 1.1.2, Eq. (1.2) is valid provided that ele
tron traje
toriesare ergodi
 and 
haoti
, and that, ideally, dire
t traje
tories between QPCsare avoided. In some of our QDs, this may not be true (in parti
ular forthe last hypothesis, as QPCs are in front of ea
h other in samples B1�2 and16In agreement with ref. [41, 84, 130℄, our data show that �=k � Tonset is not generallyvalid.



3.6. SATURATION OF �� 93A1�3). Nevertheless, we will use Eq. (1.2) for all our QDs, and note thatfurther theoreti
al work would be needed to obtain a more a

urate valueof �d in ea
h of our samples.
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Figure 3.14: Tonset vs �d in our samples (�lled symbols) and in previousworks on GaAs QDs (open symbols, see referen
es). The dotted line is a �tto a ��2=3d law (see text).Fig. 3.14 gathers our data along with Tonset vs �d from previous worksreporting a saturation of �� vs T in GaAs QDs [41, 23, 84, 130℄. Clearly,Tonset rises when �d is redu
ed. More quantitatively, all data 
ondense ona single 
urve, �tted by Tonset = 10�7��2=3d [K℄. The very wide range of�d over whi
h this power-law is observed is made possible thanks to the
omplementarity of our data with previous works that all fo
used on thesmall-N and large-A regimes, equivalent to a large �d. Su
h a general trend,valid for QDs fabri
ated from very di�erent substrates and measured in verydi�erent 
onditions, de�nitely rules out 
auses of saturation related to thewafer material, or to the measurement system.Next, we examine whether the relation between Tonset and �d is "univer-sal", i.e.: is it valid for QDs fabri
ated from any material ? Our measure-ments on an open bismuth QD [69℄ presented in 
hapter 4 give a 
lue to



94 CHAPTER 3. INGAAS QUANTUM DOTSanswer this question. Based on the 
al
ulated �d � 8 ps in the Bi QD, the�tted-line in Fig. 3.14 gives Tonset � 2:5 K (�1 K). The absen
e of any signof saturation of �� down to 0.3 K in the Bi QD suggests that the observedrelation between Tonset and �d, while relevant for III-V heterostru
ture QDs,is indeed material- dependent.17In our quest for understanding the saturation of ��, Fig. 3.15 is essentialas it shows that �d is not only the relevant parameter for 
harting the evo-lution of Tonset, but also for determining � sat� . Indeed, we observe that the
ondition � sat� = �d is satis�ed over the three orders of magnitude 
overedby �d and � sat� . The 
oheren
e observed between all experimental results isremarkable knowing that four di�erent methods have been used to obtain� sat� shown on Fig. 3.15. However, it is worth noting that all these methodsare based on ele
tron interferen
es o

uring inside the QD, giving rise tosignatures of UCFs or Weak Lo
alization (WL) in its magneto
ondu
tan
e.Naturally, su
h interferen
es o

ur during the average time spent by ele
-trons inside the QDs, i.e. the dwell time. We therefore 
on
lude that thesaturation of �� in quantum dots originates from the method of determina-tion. Even if the "intrinsi
" ele
tron 
oheren
e time is larger than �d, ��extra
ted from QD magneto
ondu
tan
e 
annot ex
eed �d.18As a 
onsequen
e of the 
on
lusion drawn above, and sin
e �d and theintrinsi
 ele
tron 
oheren
e time � int� are independent, we propose to useMatthiessen's rule [13℄ to derive the e�e
tive 
oheren
e time in the QD:1�� = 1� int� + 1�d : (3.5)The inset to Fig. 3.15 shows that Eq. (3.5), together with the expression for� int� = aT�1, provides a very good des
ription of the data. This point isremarkable given that a is the only �tting parameter sin
e �d is 
al
ulatedusing Eq. 1.2.We emphasize that Eq. (3.5), valid for QDs, does not ex
lude a low-Tsaturation of � int� . However, su
h a saturation 
ould only be eviden
ed inQDs with a very large �d. In this respe
t, an interesting 
on�guration isthe Coulomb blo
kade regime where �d is orders of magnitude larger than in17Further support for this 
an be found in the dephasing theory. Whatever the dephasingme
hanism, �� vs T depends on materials parameters su
h as l� and ns [104℄. As we willsee below, �� = �d when T = Tonset, so that �d vs Tonset is also material-dependent.18In the Bi QD (Bi1), dis
ussed in next 
hapter, �� < �d at the lowest measurementtemperature (0.3 K), whi
h explains why the �d-related saturation of �� is not observed.Measuring UCFs down to lower temperatures, one 
ould examine if saturation would o

uras �� = �d.
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ent experimental and theoreti
al works [54℄ fo
used on thedetermination of �� in su
h nearly-isolated QDs. No saturation of �� vs Twas observed, and very large values were found for ��, 
onsistent with ourdata and analysis.Finally, we point out that we do not rule out some alternative inter-pretations for our observation (� sat� = �d). A very re
ent publi
ation [149℄examined (using simulations) the predi
tion of an exponential suppressionof the varian
e of UCFs and of the WL e�e
t related to the ratios �E=��and �E=�d [5℄ (see se
tion 1.2.4 for the de�nition of �E). The authors arguethat the situation �� = �d in quantum dots to the splitting of ele
tron wavepa
kets into partial waves by di�ra
tion at the edge of the point 
onta
ts.Alternatively, the mean Lyapunov exponent � of the 
avity may also play arole in the saturation of ��: a dire
t relation between �� and � was re
entlysuggested [93℄. In this framework, ��1 would be equal to � sat� . This is notin disagreement with our data, as the es
ape rate from the QD is relatedto � (see se
tion 1.1.4). However, establishing a quantitative 
onne
tionbetween our results and these theories would require some additional work,in parti
ular to evaluate � in our QDs.3.7 SummaryIn this 
hapter, we �rst reported on very large os
illations of G vs B ob-served in sample B1, parti
ularly robust in temperature (visible up to 204K, at least). We showed that we 
ould asso
iate these os
illations to 
las-si
al `fo
using' traje
tories inside our QD. We 
al
ulated the temperaturedependen
e of the fo
using mean free path Lf , and �nd that Lf follows ap-proximately the same temperature dependen
e as that of the mobility meanfree path, although Lf does not seem to saturate at low temperature.Then, we show how to �nd the ele
tron 
oheren
e time �� from theamplitude and 
orrelation fun
tion of the UCFs in the range [0.3 K, 20K℄. New methods were employed to extra
t ��, as our samples 
over verywide ranges of � (so that they violate the 
ondition � < kT at low-T ).In our QDs, �� exhibits a transition to a T -independent regime below atemperature Tonset in the range 0.5 - 5 K.In B1, and for T > Tonset, �� vs T was found to obey quantitatively thetheoreti
al temperature dependen
e predi
ted for 2D disordered systems.Moreover, 
omparing our data from B1 to published data from GaAs QDs,we 
ould explain the observed enhan
ement of �� in our samples by meansof the same theory. On the other hand, the other QDs showed strong dis-
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repan
ies with the disordered 2D systems theory. We suggest that thesedis
repan
ies 
ome from the population of the se
ond subband, whi
h intro-du
es an additional s
attering me
hanism deteriorating the ele
tron phase
oheren
e.Finally, we examined the saturation of the 
oheren
e time observed atlow temperature. We analyzed both the saturated 
oheren
e time � sat� andthe temperature Tonset 
orresponding to the onset of saturation as a fun
tionof sample parameters. We found that a single parameter, the ele
tron dwelltime �d, governs both Tonset and � sat� in our samples as well as in all previousworks on GaAs QDs. The 
ondition for the o

uren
e of a saturation of ��vs T is found to be � sat� = �d. We argue that this 
ondition is intrinsi
 to thephysi
s of QDs, in whi
h ele
tron interferen
es o

ur only during the averagetime �d spent by ele
trons inside the 
avity. While providing an explanationfor the long-standing question of the origin of the low-temperature saturationof �� in open quantum dots, we emphasize that our 
on
lusions apply to any
on�ned ele
troni
 systems.The results presented in this 
hapter have been published in Refs. [64,65, 66℄.
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