
Chapter 4Quantum e�e
ts in Biquantum dotsCe n'est pas le 
hemin qui est diÆ
ile,
'est le diÆ
ile qui est le 
hemin.Soren Kierkegaard4.1 Introdu
tionMeasuring and understanding quantum e�e
ts in bismuth nanodevi
es isextremely 
hallenging. At the origin of this undeniable fa
t are the unique,
omplex, and sometimes exoti
 physi
al properties of bulk bismuth, that weslightly unveiled in se
tion 2.3.1. Due to these parti
ular properties, bismuthholds a pla
e of 
hoi
e in the history of solid state physi
s. Indeed, manymajor transport phenomena, su
h as the Hall, Seebe
k and Shubnikov-deHaas e�e
t were dis
overed thanks to this material. Bismuth has also beenthe `hobby-horse' of the PCPM lab for many years.1 In a sense, this thesis
hapter is my modest personal 
ontribution to the 
ontinuation of this tradi-tion. Here, we present low-temperature magneto
ondu
tan
e measurementsin open bismuth quantum dots. The subje
t would deserve mu
h more timeand attention than I 
ould 
onse
rate, as it was only a part of my thesis.Nevertheless, this 
hapter 
an be viewed as a prospe
tive journey in this(for the most part) unexplored �eld.1J. P. Mi
henaud and J. P. Issi initiated this `bismuth era' in the 60's99



100 CHAPTER 4. BISMUTH QUANTUM DOTSA wealth of literature on open ballisti
 quantum dots demonstrates thatthey are model systems not only for studying ele
tron phase 
oheren
e butalso to investigate spin 
oheren
e pro
esses [112, 86, 84, 55, 70℄. QDs mag-netotransport properties give a dire
t a

ess to the 
hara
teristi
 times rel-evant to these phenomena su
h as the phase 
oheren
e time �� and thespin-orbit (SO) s
attering time �so. Previous works fo
used on QDs madefrom GaAs/AlGaAs heterostru
tures, mainly be
ause ballisti
 mi
rostru
-tures for whi
h the ele
tron mean free path ex
eeds devi
e dimensions 
anbe routinely fabri
ated thanks to advan
es in mole
ular beam epitaxy andele
tron beam lithography. However, other materials 
an show ballisti
 ef-fe
ts, and bismuth is one of them [147℄. Moreover, Bi presents very spe-
i�
 features with respe
t to semi
ondu
tor materials, as dis
ussed in se
-tion 2.3.1: an anisotropi
 and nonparaboli
 Fermi surfa
e, a large 
arrierdensity, a strong Dresselhaus SO 
oupling, and a very long mean free pathdue to weak ele
tron-phonon 
oupling, potentially attra
tive for ballisti
devi
e appli
ations. Numerous studies of transport properties of Bi thin�lms and wires have been published and eviden
ed e.g. lo
alization e�e
ts[22, 116, 74℄, quantum size e�e
ts [74, 39℄ and semimetal-to-semi
ondu
tortransition [74, 79℄.Here, we investigate for the �rst time the 
ase of a Bi sample in thezero-dimensional (0D) 
on�guration, of �rst importan
e for ballisti
 e�e
ts.Indeed, as pointed out in se
tion 1.1.3, ballisti
 e�e
ts were �rst eviden
ed inBi bulk samples. In parti
ular, we study the low temperature magneto
on-du
tan
e of our sample (se
tion 4.4). Our observations bear 
lear signaturesof phase 
oherent transport in the form of universal 
ondu
tan
e 
u
tuations(se
tion 4.5), and spin-orbit 
oupling in the form of a weak antilo
alizationpeak (se
tion 4.6). From these e�e
ts, we dedu
e �� and �so in our QD and
ompare to data on �� and �so obtained in Bi �lms.4.2 Magnetoresistan
e of Bi �lmsLow-temperature longitudinal (Rxx) and transverse (Rxy = VH=I where VHis the Hall voltage and I the 
urrent) resistan
es of 80 nm-thi
k Bi �lmsgrown using the two-steps method are shown as a fun
tion of the magneti
�eld in Fig. 4.1. The �eld is applied perpendi
ular to the �lm plane, i.e.along the trigonal axis. These measurements were obtained on samples Bi2and Bi3 in the van der Pauw geometry, using a lo
k-in te
hnique. Di�eren
esin the absolute Rxx value likely 
ome from imperfe
t geometry.Rxx vs B is paraboli
 at small B and gradually be
omes linear as B
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(a) (b)Figure 4.1: (a) Longitudinal and (b) transverse resistan
es vs B in two 80nm-thi
k Bi �lm (samples Bi2 and Bi3), grown using the two-steps method.in
reases, as previously reported in bulk Bi samples [96, 111℄ and Bi �lmsmeasured in the same 
on�guration [116, 39, 157℄. This magnetoresistan
eexists in all metals and is due to the bending of the 
arriers' traje
tories.The e�e
t is related to !
� where !
 is the 
y
lotron frequen
y (proportionalto 1=m�)2 and � is the 
arrier s
attering time.3 !
� is very large in Bi, dueto the small values of the e�e
tive mass tensor 
omponents and the large� 
ompared to other materials.4 In se
tion 4.6, we will give more detailsabout the low-B dependen
e of the longitudinal 
ondu
tan
e of the �lms.The Hall e�e
t is negative [negative VH for positive B, see Fig. 4.1(b)℄,indi
ating that the ele
tron 
ontribution to ele
tri
al 
ondu
tivity predom-inates over that of holes in our samples, in agreement with previous reportsof Hall e�e
t measured on Bi �lms of similar thi
kness [40℄. As Rxy 6= 0 atB = 0 T, there is a longitudinal (Rxx) 
ontribution to the 
urves shown inFig. 4.1(b). It is therefore not straightforward to analyze the nonlinear 
on-tribution in this 
urve, as it 
an originate from the nonlinear 
ontribution ofRxx or Rxy vs B (mixing e�e
t), and may even 
ome from the Shubnikov-deHaas e�e
t.2in the 
ase of a material with an isotropi
 
arrier e�e
tive mass.3More intuitively, !
� 
orresponds to the average "turn angle" of the 
arriers withinthe s
attering time � , due to the e�e
t of the magneti
 �eld.4As an example, Allers and Webber [7℄ report a spe
ta
ular in
rease by a fa
tor of24 � 106 of the resistan
e of a Bi single 
rystal at 4.2 K due to the appli
ation of amagneti
 �eld of 10 T .



102 CHAPTER 4. BISMUTH QUANTUM DOTS4.3 Carrier density, mobility and e�e
tive massIn isotropi
 materials where e.g. ele
trons are the majority 
arriers, one
ould readily 
al
ulate the ele
tron surfa
e density ns and mobility � fromRxx and Rxy vs B, using the 
lassi
al relations ns = �jejdRxydB ��1 and � =[jejnsRxx℄�1 where e is the ele
tron 
harge. In Bi, however, things are mu
hmore 
ompli
ated: both ele
trons and holes 
ontribute to the transportproperties, and ele
tron and hole masses and mobilities are tensors. Thedetermination of all the tensors 
omponents in bulk materials, as well astheir temperature and magneti
 �eld dependen
es, requires a large amountof work, both for 
olle
ting and analyzing the data (see e.g. Ref. [118℄).Furthermore, the 
arrier density and mobility are a�e
ted by dimensionalitye�e
ts in Bi (see e.g. Ref. [127℄). This means that the 
arrier density andmobility in thin �lms 
annot be dire
tly 
al
ulated from bulk values.Fortunately, our measurement 
on�guration limits the number of param-eters to be determined: as B is oriented along the trigonal axis (perpendi
-ular to sample surfa
e), and as the �lm is relatively thin, we negle
t themotion of the 
arriers in the dire
tion perpendi
ular to the surfa
e of oursamples. In the plane of our �lms, the Bi 
rystallites have di�erent 
rystalorientations. As the areas of our �lms are large enough (with respe
t to thesize of the 
rystallites), their longitudinal and transverse resistan
es do notdepend on the orientation of the leads, 5 and the 
arrier properties therefore`look' isotropi
 at the ma
ros
opi
 s
ale.On the 
ontrary, in the 
ase of a single-
rystal sample su
h as theBi 
avity (sample Bi1), it is 
lear that one should take into a

ount theanisotropy of the transport properties. However, to the best of our knowl-edge, anisotropy is not taken into a

ount in theories presented in 
hapter 1,whi
h will be used to analyze data from the Bi 
avity. Anyway, we have nodire
t means to obtain the 
omponents of the mobility tensor in the Bi 
av-ity. We will therefore determine an isotropi
 
arrier mobility and e�e
tivemass from the data on �lms, and keep these values for the analysis of theBi 
avity data.At �rst, we extra
t the 
arrier surfa
e density from the Hall e�e
t. In Bi,
harge neutrality imposes that ele
tron and hole densities are equal, whi
halready suppresses one parameter. The Hall 
oeÆ
ient RHall (i.e. the linearpart of Rxy vs B) is given, in our 
on�guration, by the expression [71℄:RHall = 4nse (�1�2 � �21)(�1 + �2 + 2�1)2 ; (4.1)5This is 
on�rmed by the similarity of Rxx and Rxy in our two �lms.



4.3. CARRIER DENSITY, MOBILITY AND EFFECTIVE MASS 103where �1 is the hole mobility in the plane of the �lm and �1 and �2 are the`partial mobilities' of ele
trons along the prin
ipal 
rystal axes in the planeof the �lm (binary and bise
trix).In order to limit the number of adjustable parameters, we work on theassumption that the ratios �1=�2 and �1=�1 are similar to the bulk values.For the ratio �1=�1, data from Mi
henaud and Issi [117℄ and from Hart-man [71℄ yield a value of 5.3, with a relatively low standard deviation (10%)over the temperature range 4.2 K - 300 K. �1=�1, however has a larger stan-dard deviation over that range (about 30%). In the temperature range ofour measurements (i.e. below � 9 K), bulk data yield �1=�1 � 37, witha mu
h more reasonable standard deviation of � 10%. Using these datatogether with RHall obtained by linear �t to Rxy vs B [Fig. 4.1(b)℄, we 
ansolve Eq. (4.1) and we obtain ns = 5:5� 1016 m�2. This is 
omparable tons = 8� 1016m�2 found by Partin and 
oworkers [127℄ in single 
rystal 100nm-thi
k �lms grown on BaF2 substrate at 20 K.Next, we 
an estimate the 
arriers mobility from the resistan
e at B = 0T, using the following expression [71℄:Rxx(B = 0) = 2nse 1(�1 + �2 + 2�1) : (4.2)Using the values given above for the ratios �1=�1 and �1=�2 and for ns, we�nd �1 � 0:9 m2=Vs. This is almost exa
tly one order of magnitude smallerthan the mobility found by Partin and 
oworkers in a 100 nm-thi
k single
rystalline Bi �lm (using similar assumptions). We attribute this di�eren
eto the fa
t that ele
trons are predominantly s
attered as they 
ross grainboundaries. This is supported by the value of the ele
tron elasti
 mean freepath l� � 340 nm (
al
ulated from �1), very 
lose to the average 
rystalliteradius (see Fig. 2.13(
)). We will therefore assume that ele
tron transportis ballisti
 inside individual 
rystals in our �lms, as well as in sample Bi1.Furthermore, we will also assume in the following se
tions that holes play anegligible role, due to their lower mobility and larger e�e
tive mass.The last parameter that we must determine is the `isotropi
' e�e
tivemass in the plane of the �lms. We will work on the basis of the bulktrigonal 
y
lotron e�e
tive mass m
b (m
b = pm1m2).6 At the bottomof the 
ondu
tion band, m
b = 0:018 �m0. Therefore, at the Fermi levelin bulk Bi, the e�e
tive mass in
reases to m
F = 0:09 �m0 (a

ording toEq. 2.7). Due to the in
rease of the 
arrier density in �lms with respe
t6Choosing a bulk value in the 
ase of a �lm is justi�ed sin
e the e�e
tive mass tensordo not signi�
antly vary with �lm thi
kness t, at least for t & 50nm (this was shown byChu and 
oworkers [40℄ in the range 80 . t . 300nm).



104 CHAPTER 4. BISMUTH QUANTUM DOTSto bulk material,7 the Fermi energy is larger,8 so that the e�e
tive mass isslightly in
reased. In the following, we will therefore use m� = 0:1 �m0.9This isotropi
 assumption form� may seem a very rough approximation,given the di�eren
e between the 
omponentsm1 andm2 of the e�e
tive masstensor (
f. se
tion 2.3.1). However, we will see at the end of this 
hapterthat it 
an be justi�ed within the framework of our data analysis.4.4 Magneto
ondu
tan
e of the Bi nano
avityFigure 4.2 shows the magneto
ondu
tan
e G vs B of sample Bi1 at di�erenttemperatures. A strong ba
kground dominates the magneto
ondu
tan
e.Its lineshape is 
omparable to that observed on bismuth �lms (samples Bi2and Bi3, see previous se
tion) : a quadrati
 B-dependen
e at weak �eld witha lower dependen
e at higher �elds. UCFs superimpose on this ba
kgroundat the lowest temperatures. They persist and are symmetri
 with respe
tto B = 0 up to the highest investigated magneti
 �eld (5 T). They will beanalyzed in the next se
tion. On Figure 4.2, all 
urves up to 2.9 K alsoshow a narrow 
ondu
tan
e peak 
entered at B = 0 whi
h we attribute toweak antilo
alization (WAL). Fitting to the WAL theory and 
omparisonwith WAL data from Bi �lms is performed in se
tion 4.6.In addition to UCFs, broader features are also visible in G vs B. Thisse
ond type of 
u
tuations is 
learly eviden
ed in Fig. 4.3, showing ÆG =G[T ℄ � G[T = 9:6K℄ vs B. Their 
hara
teristi
 magneti
 �eld is similarto that of the 
u
tuations asso
iated to 
lassi
al orbits in InGaAs QDs(se
tion 3.3).Assuming that the 
lassi
al 
y
lotron radius formula [Eq. (1.3)℄ is stillvalid for our Bi devi
e, we 
al
ulated the magneti
 �eld 
orresponding tosome possible ele
tron traje
tories shown above Fig. 4.3. The 
orrespon-dan
e between maxima and minima in G vs B and these positions is mu
hless 
lear than in the 
ase of the InGaAs sample B1: the position of traje
to-ries no. 1 and 2 are somewhat shifted towards higher B with respe
t to theobserved minimum and maximum in G vs B; moreover, no 
lear maximumis observed at the magneti
 �eld 
orresponding to traje
tory no. 3.Several 
auses may explain these dis
repan
ies. At �rst, the sheet ele
-tron density may be slightly di�erent from 5:5 � 1016m�2, either be
ause7The volume density 
orresponding to ns = 5:5 � 1016 m�2 is n = 6:9 � 1023 m�3.Measurements in bulk Bi yield n = 2:75� 1023 m�3 [139℄ (see also Ref. [127℄).8Indeed, in rough approximation, EF / n2=3 [88℄9Su
h a value of m� = 0:1 � m0 for ele
trons in thin �lms is 
ommonly used in thelitterature; see e.g. Ref. [116℄ (a hole mass of 1 �m0 is also assumed in this referen
e).
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Figure 4.3: ÆG vs B in Bi1 at indi
ated temperatures, with the position ofsome possible ele
tron traje
tories inside the 
avityour estimation is too rough, or be
ause the density in the QD is e�e
-tively redu
ed with respe
t to the �lm value due to the lateral 
on�nement.Se
ondly, Eq. (1.3) is 
orre
t only if kF = p2�ns, i.e., only in a stri
tlytwo-dimensional sample, whi
h is probably abusive in our 
ase. Moreover,Shubnikov-de Haas os
illations may be visible in the QD sample (espe
iallyat high-B), and 
ould interfere with the maxima and minima asso
iatedwith 
lassi
al orbits.10 We have also negle
ted up to here the 
ontributionsof holes: the possible mixing of ele
tron and hole fo
using in our 
avity is an-other 
ause of in
reased 
omplexity. Finally, the ele
tron traje
tories in realspa
e are more 
ompli
ated than the simple 
ir
ular motion assumed here.They should be determined based on the fa
t that ele
trons move along or-10A 
ompli
ated pattern of Shubnikov-de Haas os
illations has been observed in Bi thin�lms by several authors (see e.g. Refs. [127, 157℄). As most physi
al phenomena observedin Bi, the os
illations depend on the 
rystal orientation, whi
h is not known in our 
avity.



4.5. UCFS ANALYSIS 107bits of 
onstant energy on the Fermi surfa
e (in the re
ipro
al spa
e), whi
hare ellipti
 in Bi. The 
onjun
tion of all these 
auses impedes a 
ompleteunderstanding of the origin of these os
illations in the ba
kground magne-to
ondu
tan
e.4.5 UCFs analysisIn this se
tion we use di�erent RMT-based models to �nd the phase 
oher-en
e time �� from UCFs data in Bi1. Basi
ally, �� 
an be obtained in Bi1using the same method as for InGaAs QDs (se
tion 3.4.1). We will use Eq.(3.1) linking �� to var(G), the varian
e of UCFs [57℄.In order to apply Eq. (3.1) to our data, we have to separate UCFs fromthe ba
kground magneto
ondu
tan
e. The method to a
hieve the separationis shown on Fig. 4.4, and is identi
al to that used in InGaAs QDs. As theba
kground does not obey a simple polynomial form that we 
ould easilysubstra
t, we apply a high-pass �lter to the magneto
ondu
tan
e tra
es,with a 
ut-o� frequen
y f
 = 3T�1. f
 is determined on the basis of thetemperature dependen
e of the Fourier spe
trum of G(B), as illustrated inFig. 4.4(b):11 below f
, the Fourier spe
trum is temperature-independent,and strongly depends on T above f
. The `�ltered' 
urves ÆG vs B areshown in Fig. 4.4(
) at 0.3 K and 4.0 K. We observe that the amplitude ofthe 
u
tuations is approximately 
onstant over the range 0T < B < 4T.var(G) vs T extra
ted after �ltering G(B) 
learly follows a T�2 law overone order of magnitude in temperature [Fig. 4.4(d)℄.The next step is to �t our `�ltered' varian
e data with a numeri
al eval-uation of Eq. (3.1) in order to �nd the 
orresponding values of ��(dot). At�rst, we use Eq. (3.2), i.e. the same 
ondu
tan
e 
orrelator as that usedfor InGaAs QDs in 
hapter 3, whi
h does not take spin-orbit 
oupling intoa

ount. As var(G) is redu
ed by a fa
tor of 2 in the regime of strongSO 
oupling [110, 55, 70℄, we in
orporate this fa
tor into Eq. (3.1). Wehave also assumed N1 = N2 = 11, where Ni is the number of mode inea
h QPC.12 Filled triangles in Fig. 4.5 
orrespond to �� vs T obtainedwith our var(G) data and a numeri
al evaluation of Eq. (3.1). �� follows��(dot) = 2:65 � 10�13T�1[s℄ up to � 3K, very small 
ompared to valuesobtained in GaAs and InGaAs QDs (see 
hapter 3 and Ref. [86, 84℄).11Spe
tra in Fig. 4.4(b) are averages of 3 fast Fourier transforms power spe
tra fromhalf overlapping blo
ks in the range 0:3T < B < 4T.12Again, we use Eq. (1.14), relating the average 
ondu
tan
e and the total number ofmodes. Note that assuming Ni = 20 
hanges the result by less than 1 %, sin
e N � N�
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110 CHAPTER 4. BISMUTH QUANTUM DOTSRe
ent theoreti
al works by Cremers and 
oworkers lead to an extensionof RMT, in
luding the e�e
t of spin-orbit 
oupling and of a magneti
 �eldapplied in the plane of the heterostru
ture [42℄.13 The generalized expressionof the 
ondu
tan
e 
orrelator be
omes:
ov[E;E 0; B; B0℄ = �e2h �2� N1N2N1 +N2�2 (VD + VC); (4.3)where E, E 0 are energies, and B, B0 are two di�erent magneti
 �elds. Theparameters VD and VC have extremely 
umbersome expressions. Instead ofreprodu
ing them, we refer to Ref. [42℄ (Eq. (30) and (31)), and we willbrie
y 
omment on our assumptions for the values of the main parameterson whi
h they depend.At �rst, we assume an isotropi
 spin orbit s
attering length LSO (� inRef. [42℄) in the plane of the �lm, given by LSO = 181nm, as determinedfrom the Weak Antilo
alization e�e
t (see the next se
tion). This meansL2SO = �1�2 and (�1=�2)2 = �so = 1, (in the notations of Ref. [42℄).14One of the hypothesis of the model is LSO > L, where L is the size of the
avity. This inequality is not satis�ed in our 
ase; nevertheless, Zumbuhl and
oworkers [158℄ 
ould obtain a good agreement between this theory and theirdata, even though LSO < L in their samples (GaAs QDs). Some additionalparameters (�, �0 and �00) are related to the geometry of the 
avity. In the
ase of a 
ir
ular quantum dot, with an isotropi
 spin-orbit 
oupling in theplane of the QD, one has � = 2, �0 = 1=3 and �00 = 0:292 [42℄.Analyzing our data with Eq. (3.1) and (4.3), we obtain a se
ond esti-mation of �� vs T , shown on Fig. 4.5 (squares). We observe a very good
orrespondan
e with the previous estimation, given the number of assump-tions that we had to work on. The temperature dependen
e, in parti
ular,is the same, while the absolute value is slightly lower within the new RMTmodel.Eq. (3.1) with the 
orrelator given by Eq. (3.2) or (4.3) is valid for idealpoint 
onta
ts. However, the grain boundaries in the openings of the 
avitymay 
ontribute to some re
e
tion in the transverse modes. Su
h re
e
tion
an be taken into a

ount within the Random Matrix Theory by de�ninga transmission probability �i for ea
h mode i (i = 1; : : : ; N1 
orrespondingto the �rst QPC, and i = N1 + 1; : : : ; N1 +N2 
orresponding to the se
ondQPC). In that 
ase, var(G) and �� are related by the expression [26, 27℄:13This theory was published shortly after the publi
ation of our data and analysis inPhys. Rev. B [69℄.14Additional measurements with a magneti
 �eld in the plane of the �lm would indeedbe ne
essary to determine experimentally the asymmetry parameter �so.



4.6. WEAK ANTILOCALIZATION 111var (G) = 4g21g021�g2(g + 
�)2 + 4(g41g02 � g41g03 + g2g041 � g3g041 )�g4(g + 
�)+ 6(g21g02 + g2g021 )2�g4(g + 
�)2 � 8g1g01(g2g021 + g02g21)�g3(g + 
�)2 ; (4.4)gp = N1Xi=1 �pi ; g0p = N1+N2Xi=1+N1 �pi ; g = g1 + g01 (4.5)where 
� = 2�~=��� is the dephasing rate, and � = 2 (1) in the presen
e(absen
e) of a symmetry breaking magneti
 �eld. Fig. 4.5 
ompares �� vs T
al
ulated using our data and Eq. (4.4) with ideal point 
onta
ts, i.e. N1;2 =11 and �i = 1 (for all the modes), and non-ideal point 
onta
ts i.e. N1;2 = 14and �i = 0:78 (for all the modes). Note that, for ideal point 
onta
ts, theresult is slightly di�erent from our previous result, be
ause Eq.(4.4) does notin
lude thermal smearing, 
ontrary to Eq. (3.1) used in our analysis. Wepoint out that, in the 
ase of the non-ideal point 
onta
ts model, one 
learlyobserves that �� vs T is smaller and has a di�erent temperature dependen
e(whatever the value of �i). This result will be dis
ussed later in light ofvalues obtained for 2D �lms.Overall, we observe only small di�eren
es between the results obtainedwith the di�erent methods. In the following, we base our analysis on �� vsT data obtained using the �rst method.4.6 Weak antilo
alizationThe 
ondu
tan
e maximum around B = 0 
an bring independent informa-tion on both �� and �so. The temperature dependen
e of the 
ondu
tan
eG vs T at various magneti
 �elds is one of the tools to �nd out whether this
entral peak is indeed related to the 2D WAL e�e
t. In 2D, when SO s
at-tering dominates, the antilo
alization indu
es a logarithmi
 
orre
tion to thezero-�eld 
ondu
tan
e : �G(T ) = a ln(
 � T), where a and 
 are 
onstants[22℄. We �nd that this relation �ts very well to the raw 
ondu
tan
e of ournano-
avity at B = 0 (Fig. 4.6). Applying a small magneti
 �eld destroysthe WAL e�e
t and leads to a negative magneto
ondu
tan
e. Fig. 4.6 showsthat a is 
hanged when jBj > 0 but �G still exhibits a logarithmi
 temper-ature dependen
e. This is explained by disorder-indu
ed ele
tron-ele
tron(e-e) intera
tions in 2D that add another ln(T) term to �G, whi
h is nota�e
ted by a moderate magneti
 �eld [22℄. This pi
ture is 
onsistent with
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4.6. WEAK ANTILOCALIZATION 113data in Fig. 4.6 and our nano-
avity behaves like a 2D �lm as far as WAL,SO and e-e intera
tion e�e
ts are 
on
erned.In order to further support this point, we report the low-B 
hange inmagneto
ondu
tan
e of Bi �lms �G�(T;B) = G�(T;B) � G�(T;B = 0)in Fig. 4.7, and 
ompare it to that of the Bi nano-
avity. For the dot, weassume �G�(T;B) = �G(T;B), whi
h is supported by the analysis givenbelow. We �t �G�(T;B) with the expression for the WAL 
orre
tion to the
ondu
tivity in 2D disordered systems [77℄ (in units of e2=h):�G�(T;B) = 12��32	�12 + H2B �� 12	�12 + H3B ��	�12 + H1B ��; (4.6)where 	 is the digamma fun
tion, H1 = H0 + Hso, H2 = H�(T ) + 43Hsoand H3 = H�(T ) = aT b.15 In these expressions, a and b are 
onstants,H0;�;so = ~=(4eD�0;�;so), D is the di�usion 
onstant and �0 is the elasti
s
attering time. We set H0 = 10mT in the nano
avity and in the �lm.16The good agreement between the �t with Eq. (4.6) and our data further
on�rms that our samples are 2D with respe
t to the WAL e�e
t.The values obtained from this three-parameter �t are given in table 4.1,along with the phase 
oheren
e time in the dot 
al
ulated from Eq. (3.1),whi
h is 
onsistent with the results of the WAL analysis.17 The phase 
o-heren
e and SO s
attering length are de�ned as L�;so = (~=4eH�;so)1=2. ��in the �lm is 
al
ulated from ��(�lm) = L�(�lm)2=D(�lm) with D(�lm) =0:05m2=s.18. Using the known values of ��(dot) and L�(dot) we 
an estimateD(dot) = 0:23m2=s and therefore 
al
ulate �so(dot). The physi
al meaningof D(dot) is not straightforward sin
e our nano-
avity is not in the di�usivebut rather in the quasi-ballisti
 regime and this makes a 
omparison withD(�lm) diÆ
ult.Several important 
on
lusions 
an be drawn from the values gatheredin table 4.1. �so is similar in both systems, 
onsistent with a strong SO
oupling in Bi resulting in a SO 
oupling length Lso smaller than devi
e15There is an error of sign in the prefa
tor of this expression reprodu
ed in Ref. [69℄.16This is equivalent to a s
attering length L0 = (D�0)1=2 of 125 nm. L0 is more a�e
tedby small angle s
attering than the mean free path l�. The exa
t value of H0 has a weakin
uen
e : a 50% 
hange of H0 indu
es a 
hange of � 5% for a and b, and � 15% for Hso.17The number of squares in
uen
es the temperature dependen
e of H�;dot: assuminge.g. that the dot is 
omposed of three squares instead of one, we get H�;dot / T 2, in
ontradi
tion with UCFs analysis.18D = 2EF �=ed, where d is the dimensionality. One assumes EF;film = EF;bulk �(Nfilm=Nbulk)2=3 = 50:6meV where Nfilm and Nbulk are the ele
tron volume density inBi �lm and bulk respe
tively [88℄.
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ondu
tan
e at 0.3 K is G�(B =0) = 113:35e2=h. Plain lines are �ts to Eq. (4.6). bottom : �G�(B) for thedot. Plain lines are �ts to Eq. (4.6).



4.6. WEAK ANTILOCALIZATION 115Table 4.1: Summary of the parameters extra
ted from �ts to WAL peakswith Eq. (4.6) and from UCFs varian
e analysis - i.e. only the 
oheren
etime in the 
avity (D in the 
avity is obtained by 
omparing the results ofUCFs and WAL data analysis).
avity �lmH0 (mT) 10 10H� (mT) 2:7(�0:3) � T 1(�0:1) 0:7(�0:1) � T 0:8(�0:2)Hso (mT) 5(�0:5) 17(�4)L0 (nm) 125 125L� (nm) 247 � T�1=2 485 � T�0:4Lso (nm) 181 98.5�0 (10�13 s) 0.7 3.12�� (10�13 s) 2:65 � T�1 47 � T�0:8�so (10�13 s) 1:4 1:84D (m2=s) 0.23 0.05dimensions. The similarity of �so in both samples also validates the hypoth-esis m� = 0:1m0. At the lowest measurement temperature, L�(dot) be
omes
lose to the devi
e size, so the dimensionality of the sample for phase 
o-herent pro
esses 
hanges from 2D to 0D. As far as we know, the regime ofweak antilo
alization with L�(dot) similar to the devi
e size has never beeninvestigated neither experimentally nor theoreti
ally.Our most striking observation is the di�eren
e of more than one order ofmagnitude between ��(�lm) and ��(dot). A quantitative explanation mayhave to 
onsider the extreme sensitivity of ns to devi
e dimensions in Bi[74, 79, 127℄, as ns has a strong in
uen
e on e-e intera
tions whi
h domi-nate dephasing in our temperature range. The s
reening length is anotherimportant fa
tor whi
h may be a�e
ted by 
on�nement (although this hasnever been observed). Furthermore, we noti
e an almost similar temper-ature dependen
e of �� in 2D and 0D samples (�� / T�1), qualitatively
onsistent with low energy transfer 2D e-e intera
tions being the dominantphase breaking pro
ess [86, 8℄. However, we �nd a large quantitative dif-feren
e between our data and the model for 2D e-e s
attering: using the



116 CHAPTER 4. BISMUTH QUANTUM DOTSexpression ��1� = kBT2�~ lFl� ln(�l�lF ) [86, 8℄ where lF is the Fermi wavelength, weobtain �� � 4�10�10T�1[s℄. This is respe
tively 2 and 3 orders of magnitudelarger than our data for the �lm and the dot.4.7 SummaryIn summary, we dis
uss low-temperature magneto
ondu
tan
e data from aquasi-0D sample made from bismuth, and from Bi �lms. We �rst extra
tthe density and mobility of ele
trons from longitudinal and transverse mag-netoresistan
e from Bi �lms, and 
on
lude that transport is quasi-ballisti
inside 
rystallites forming the �lms. We then analyze the UCFs and WALphenomena measured in the magneto
ondu
tan
e of a single 
rystal Bi 
av-ity, in order to obtain the phase 
oheren
e and spin-orbit s
attering times�� and �so. Importantly results of UCFs and WAL analysis are in goodagreement, even though we use theories relying on di�erent basis to analyzeboth phenomena. We eviden
e an anomalous redu
tion of the 
oheren
etime in the Bi 0D 
avity with respe
t to 2D Bi �lms while we �nd a similarspin-orbit 
oupling time in both systems. The temperature dependen
e of�� is 
onsistent with dephasing by 2D ele
tron-ele
tron intera
tions in the2D and 0D systems. However, the experimental data for �� are mu
h smallerthan one would expe
t from the 
onventional Nyquist theory.




