n c;uazw‘um— Adots

L.I. Glagman
Univers f@ o Minnesota



L Tss 0@,)!—@{ Oua_.w"uw. bﬂ'{'

1 ( Peeo. eleehim. sptetranm
1. 2. :\jﬂ*[é""uf Lod - C-I'r-aré;«\g ngJ
E Ve L.QA.?_Q x S'umpﬂwc%?;}ﬁér,

)&, éLF_,[E&é O’f SO cuderaedir. Ol

enchage o Ak sl

‘?_. Tra.uiﬂd—f"é
22 b a)mﬂgu_c/izslur_e s ?ﬁd-t ‘g-"-&u’?{o’!
Zero W sﬁ?ea_z,‘\é,
2 7. Mesoscoprc %Lt/i{u-?_“f%m e
Cﬂu-feow»é -%ﬁkﬂo& ﬂia/é,s

7.3 A’&‘J—v\/a.ﬁéim..@_& \L,.ﬂ e
Coutlrt Llclad, v J






E.ch'b'aréa;kc ene?g; . E(ﬁ) = Ec' (ﬁ- ..ﬂf'Jt
N E Vg /ecs,

min [ E(wv)] : NN for cambinuous N
Disevete N: staircose

= vﬂﬂﬂ



__LI‘(,___

August 3, 1993

LT-20

MEASUREMENT GF THE INCREMENTAL CHARGE
OF A SUPERCONDUCTING JSLAND
D. Esteve, P. Lafarge, P. Joyws, C. Urbina and M.H. Devaret

Service de Physique de 'Etat Condensé, CEA-Faclay
T 811801 Ml e YVestte Frances

& ~ 180V

=3 T=28mk
- B= 10




== B
‘Dﬂscm‘,nh‘m 9»7{ 7[1"-?.&. fermmg {..-l't.
a diserdored dot : the i(dea o+
Random Mad-ix ﬂm&r (RMT)

+
J{F=£Zg; i s A A
d.= (a7 P(r) (M
ot

2
[ - 3=+ WA Q=5 @
(de1@mi’=1
oot
S‘ta:l‘-c‘s#c;a,g Pmﬁ&r{rea Dyl . , § ore invuar'ba,m':

Un.-l'amrs.o.f, Prop-er‘w’;.‘q E:__ﬁ b}:e&rm £.

R Vi HE) P
CF =L 2
¢ §E€—g; L0

5 S 2ot 2e) P F
Vo = T 8Ge-g, = L [d7[cHeim-Cern]
-L"E ('\)(E))
SE ;
average (ensemble - energy)



— H—
Universal F?a,a&rﬁea of spectrum

Rm(‘-o) = (E'E)z < V(E)V(ierw) >~ |

2
= 8 pe [df dt «CPena 216 63,8 -1

RASEER S

| | i I =~ LA,
N < : 2
*H [ARkshialer, Shistove kot
N AT T AEAR) 36]
2 L— Qe
(Gerwoyn, ) Gle, n,n)s> -v2 v B or Bhc?
1.154_'“3"& E?":'O
[~iew + D(m}]% = d(R-%) @_%[ -
2 5
(L.,C}u.sia-w cowstant ebl-ld;g

&gau/a,&.e, /omf&m: -Dv’{ = b’ntFn X ?_E"____a

= . S s D
om0, dorfr s Y= B~ B Thouks enargy

_(BES LBE)‘
Q e R a.)z“ BT - 3:4;0 (W-’*ﬂ'ﬂ)"

whiversal small  ~(8e/z)

SE « W «Er

1, B=o

FEJL, B#o




B>
AL stahistical propertien of spechrum
ﬂl'{? W«Ey are %thﬁd bo thet of random matry
Rawllonian
Y =2 h LA
F e U

1?1{’. : matriy  eloments o4 H
D] H]= Cexpl-am(sY]

M (5€)°
< LI'LI L',;f'jf i [5 "5& o —'{) Ex:'f' 5:.1'!" j

sz

1 QCawssian Qrﬁag.onq.é Ensemble (GOE), &=0
P: 2 UPLCWJ_ ; __G_:U_E_.’ E:E%/L:

@&
M'::- 3 38 g GLMGMSLW&N. Cm-ndxu'lza.hce G"EE‘g

¢ Crossover (608->6v8) field (flur R )

Energy scale W~ tome 4~ Yo, Area covened cn diffusion
~ Dt. Wn'na&rg humber (random) ~ Dt/

ThneaA;ug Py, . ~(DEIE 2B ~ VE 7> P

: wvﬂ: _;.@f_wguw
Del. of dopends o W \\f—'_'ET-/w L a 2% \_F’_‘c 1

JEE = - - i) o 257







~— 94—

Statistics  of ecg,eua{:a;@% i RMT

Level spacing distribubion (Wigner -Dyson)

(32/119;2 QXP(__;!_EZ) Core §=§; ?,.,_,

Statistics ot e,(g,tza\r.ez,ﬁarg_ ( PortRr - Tkomm)
P(J:ci )“-: const - %(1-— E[Cq‘z) (53"““"5“'9 o P‘lfﬁg)
h= Mle.\*

=~ Ve

P('? {‘/2?7- -

GUE

Lph i {C;Mf

i
\
|
Y
Real space: P(I$,®)°) ~Porter-Thonay distr
(BB G @E)>«8, (7

: (‘-Ph (-P;>ﬂ¢5hm GOE or GUE

—_———— s— —— e

x GOBe» GUE within |El~w: @A RET@"; w~steg

#RMT is S&J&@& ng 3*-—151
¥ Diffusive —» Ballistic ETa-T—E--ET”%

» Ballistie 2D : g"" -e-—-mmso_rc-f.efzulrma.ma,d.é




Porter - Thomas d:.:#iﬁoﬁ—: for neschron wisllg [

NUMBER OF WiDTHS PERQIUNITOF ¥

Pigurs 210  The figore plots the muﬂ_m
observed Jn e rwaction &+ """ Th mm
1. B. Qarg, J. m:mm ., Phovs.

v The theoretical distribution obtained In the limit of extremm awifgurstion
nsixing (Porter and Thomas, 1955) i a ° distribotion with » = |. Sines vosh
& distribution vares as (1)~ for small valoes of 1YY (see- By QO22Y),

A= o1V e~ i) a1

it is convenient to plot the distribution of (7%, The observed" Wittt in
Fig. 2-10 follow the distribution (2-115) rather well, but are i disrgresmmemwit
mmmu:‘dm-&--g-ﬁ em)

Compound  miclouy M;%}m .

vector

P(GJ_..,G.,):: iS(}-rgcf) Q' " N2

; r(E 1)

P(e) = \@‘ ""P{‘ gczf mﬂw{c-)w
R 4‘5' x il } (Goe)




OUniversal  descroptioe  of Ha

g:n'é&r R-C-'?b = g P P 5@6

R,~2+Z Z by, 4 do.dd,

wb~ 2 oo ke

= (drdr @reE) Ui-r) ) g

lJif-’-t-
= .1 i
UPll=14 = l“n‘juc =< /i 5 J;;E k-

RG>~ (RM) s < hij o> = A8 5B rCE T,

C«'_—‘C-) (‘GUEJ s r‘-e,pu-ﬁscwe. U - no S%vmw&vlﬁ)

Ivor:avets : _Zd! M g é__,): d:; .@.‘-’d "

= M=

. A 2 A2
AJ{U— E. (M-mM)-£€S | No = gCVg

valid Jor |g|lg €, but for exalucke of £, €

states with _IE;,-%P"";EF‘-‘&ET are cmporbant (RPA)
™ %

Ee= Jdrdie U (F7) i) qiend ~ 8E-n.fudy (2080

{tﬂ-fr‘lw s — 8& (a4 B L T =Y. zn"hr\



.._|'2_H

L + " A A
ﬁ{dp{;-— E §ndh‘a€,,s + Ec(;u-#.,)a- Essz + smtz(é-)

Correchong

v &E ~Eq ~ 3Lt
T

Lea,&«? topm s i :y'{é .}.;-— 2D Jdot: .5_€ o< _@_E_,
. Vo' Y
(E’&ud'-u'} MFEE#’ M'&B{Lﬂh"}u; g'?) n

Ec

= in a balliste (€~L) Aot

~
S“:q,{ﬁ-r‘-‘l‘ca ol Ekmrgg Loody

¥ &gd;rom C\otcL{?ah bg:'ﬂc:fuh
* M-‘g.:l-‘mns at Lixed N



Models of an isolated guanium dot

i1. The Qans‘ﬁmt{-.z‘u'fuacf«m (CI) moded :
accounts for the scales E, and SE

+ " 2
SKC‘I-:’?G.EQCIH&' dﬂd‘ # EC (N'—f) 2
i= T dpde.

Spin. of the dot s S=0 f N=even, and
S=% if N=odd

0. The Universal Hamilbtonian (CLE modsl):
Gecpunts fer E.,dE, and the
L'ﬂ:fra., "CI!C'f' MCAG.HS;_ ES
K

A2
cIE }{c;r _Es Sdut s E ~RSE |

(rz is the gas Pnrmefu) | Kurboud Alsner, Abdshuder PiBoo,
Aleiner, Brouwts LG, comd-maly |
O/030008 _? :

The dot may have S+0 in o state with N=even. ' Php fep
358 flgs¢
:'__Gr.ej} Browwer, #fn_ga&r:h PREGq. U{’!Lra;&ampé?a; 4.6 PREDD | (2002) |
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0 ~8E | ghp

no spin-orbit interaction

At

gupH
with the spin-orbit interaction
valid for relatively weak magnetic fields

(maxima of P(£) do not overlap)
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Effects of spin-orbit interactions on tunneling via discrete energy levels in metal nanoparticles

D. G. Salinas, S. Guéron, and D. C. Ralph
Labaratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853

C. T. Bluack
1BM Thomas J. Warson Research Center, Yorkiown Heights, New York 10598

M. Tinkham
Depariment of Physics and Division of Applied Sciences, Harvard University, Cambridge, Massachusens 02138

I {nA)

FIG. 2. (a) Energies of the discrete electronie states within
the nanoparticle of Fig. 1, calenlated by multiplying the
voltage positions of the resonances by the capacitance ratio
n{:'h-*{civi-ﬂ'ﬂ:ﬂ!ﬂﬂ. The thin lines are extensions of the
low-feld linear dependance of the energies on B. Heavy lines
show the result of the spin-orbit interaction model, describing
the avolded crossing hetween levels 1 1 and 2

audv (us)

FIG. 1. (a) Large scale Counlomb-staircase ourve for a tun-
neling device contalning a nm-scale Al particle at T'=50 mK.

Inset: Crosssectional device schematic. (b) Tunneling spec- e ¥ -

trum of discrete state resonances in the same sample, for a ﬂ e 1_245 [*68'5 I'76 {Q.
range of applied magnetic fields, at T=50 mK. The curves are E-j-j- s
affset in df /dV’ for visibility, Orbital state #2 gives amall but

visible resonances at low H. Small changes in offset charge

oecurred between the 0.1 and 1 Tesla scans and between the o .

6 and 7 Tesla scans, shifting peak positions. The 0.1 and O”’# Lf/n DJ[ 14“- g =07
7 Tesla scans have therefore been shifted along the voltage ‘#

aods, to give the best fit to a linear dependence for peak 1 L.
The lines tracing under peaks are guides to the eye.

-‘-ICQ ; g
Al porhickes eSO 3

(Dovidevi & + Tuk Ram,, PRL13g
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e How the position of the Zeeman peak depends on
the SO interaction?
(modification of (g))

e How the width of the Zeeman peak depends on
the SO interaction?

(appearance of (g%) — (g)? # 0)
Splitting of the individual levels:
cio(H) = ¢; + 3giupH.

To characterize the strength of the SO interaction,
we introduce (size-independent) SO relaxation rate

1 2?1' 9
o k BYPSley —
— =5 5, [k altsolp, A)Pd(er — &



B [ =
General property of SO interaction (T-invariance):
(k, &IHsalk, ﬁ) - O

Perturbative correction to the g = 2 value:
5gf"--' 1 a }:|<3 &lHS{)lj:‘B)F o 1
i £ ;,LB@H i €i—€j—pupH |4 o TsoOE

Rigorous calculation:

& a R TeoO L ]
§ (g> 2 6 T305E ln [ h

Weak or strong SO interaction:
Parameter \ = —‘%E small or large.

™,

Meaning of A:
Tso. time between the spin flips;
h/0E: travel time along the trajectory
corresponding to a quantum level

A is the typical number of spin flips
for such a trajectory



S-&ror?_ SO (interaction. (x>1) (%~

Magnetic moment of a state %:

(M); = pp ((l2)i + 2(52)5)
At A # 0, the angular momentum (I,); # 0, even
in the limit H =0.
(Kravtsov, Zirnbauer, PRB 1992)

Level splitting at H # 0:
effect of perturbation H; = M H

‘T'wo contributions to ¢
Estimate of the spin contribution to g:
Number of spin flips is large, rms spin ~ 71:{

» " . - - mL
Spin splitting in the field: ~ up ﬁH
gsp ™ V”T o0 F /h

§E ~ 1/vL?
1/L%/2 d =3

gSP Scales with size L as ggp o< 1/L] d -
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Estimate of the orbital contribution to ¢:
ALAR L [4t2l~ Vegfy|

@ ”l(?’*’xﬁ)zlw mtrx )zlwlggr jjil mAIE [

_ A: directed area under the trajectory,

A ~ LQT ( \/E*j

" sign is random.

WL, d=3
(1,); = mL*|EpéE ~ \/i}z = .
Orbital contribution to g
gﬂ?‘b ko L d = 2

The spin and orbital contributions to ¢ are inde-

pendent. In the d = 3 case:
6 [

Matwesy, LG Larka.  PRL (2ose)
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Coulomb blockade peak positions
T Maiversel” model (rg < 1):
H = Hppoo + Hinty  Hint = Ec(N = N)?;

Heree = n%cr ‘fnﬁjwaﬂﬂ '

Bimodal distribution: each orbital level &n accomo-
dates two electrons with opposite spins

P(E)

h L —
, <
0 ~3E

d-peak: adding e @_}@

to the same orbital level

Py p: Wigner-Dyson distribution _?_
for adding e to the next orbital level @ ~$4-
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Signatures of gpin paiting in a quantum dot in the Goulomb blockade regime
l____.:., A "E-' o K. ; 1 | Wesschalderdd g T e m
) ",F|'1‘|'f||::.' a 'LIF' :. nbort ... g B Al

» PACS numbers: T8.20.My, 78.28.Hk, 06.45.+b
PG) = 3 [6(6) + P (0) m
for the corresponding Gaus-

sian ensemble, Le. f = 1 for systems with time Inversion
symmetry (Gausgian orthogonal ensemble - GOE), and
B =>2 when time Inversion symmetry s broken (Gaus-
slan unltary ensemble - QUE). The peak spacing & is

measured in units of the average spin-degenerate energy

level spacing.

fir: AV 6.7 2104
"‘Iﬂ ..' (10 :tl..;?-ﬂ‘ . l" -! -
10~ & . o - e

L .
o W (mV) Bm
FIG. 1. (a) Right inset: APM picture (taken before evap-
aratlon of the top gate) of the axide lines (bright) that define
to source (S) and draln (D) via tunnel bar-
can bo adjusted with the planar gutes PC1 and
I and II ‘are used to tune the dot. Main figure:
Conduetance G as a function of Vi, shawing Coulomb block-
wle pesopances. Loft inset: fit (lino) to one measured OB peak
‘open circles), see text. (b) Linear fit (line) of the peak spac-
ng AVras a function of V; (dots). The average peak spacing
s almost constant, indicating amall shape deformations,

Fﬁtlﬁ‘_lﬂf':l =

1 _— (s —

+ ezp [-ir] x PP(a +£'}}
(2)

Here, the *x" denotes the convolution.

'[m
| B=0,GOB 08

FIG. 2. Measured NINS distributions (gray bars) for B=D
(a) and B # 0 (b). The bold salid curves are the fits to
(E*,0¢), with the fit results as indicated in the figure
(oo text). Also drawn are the two components of P, le.
the Gaussinn distribution of separstl g between spin palrs

and Its convalution with the _ Wigner surmises.
The Insat compares the GUE data to P*(a) (eq. 1), using the
spin-resolved level spacing &4/2 ns the average peak separa-
tion.

[1] For & review, ses L.P. Kouwenhoven, C.M. Marous,
P.L. McEuen, S. Tarucha, B.M. Westerwelt, and N.5.
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PHYSICAL REVIEW LETTERS

18 May 1998

Statistics of Coulomb Blockade Peak Spacings

5. R, Patel, 5. M. Cronenwett, D, R. Stewart, A. G. Huibers, snd C. M. Marcus
Department of Physics, Stanford University, Stanford, California 94305

C. I Durudg and J. 8. Hagris, Jr.
Electrical Engineering Department, Stanford Universiry, Stanford, California 84305

K. Campman and A. C. Gossard
Maserials Departmeny, University of California at Santa Barbara, Santa Barbara, California 93706
ca #{Rwedwd 5 Aogust 1997)

Disiributions of Coulomb blockade peak spagings ere reported for large ensembiles of both wobroken
(magnetie feld 8 = 0) and broken (B « 0) lime-reversal symmetry in GaAs quantum dots. Both

distributions are symmetric and roughly Gaussian’ with a width of ~2%—6% of the average
with broad, non-Causslan talls. The distributlon is systemetically wider at B = 0 by

a factor of

~1.3 & 0.1. No even-odd spacing correlations or bimodal structure in the spacing distribution is found,
an absence of spin . ‘There Is no observed comelation betwean peak spasing and
ﬂml-ﬂdﬁ?“ 1

V, (m¥)

V, (mv)
FI3. 1. () Coulomb blockade {dimmonds) at B =
30 mT as a function of gate voltage V, for dovice | with
Asg oV & = 460 poV. Solid curve shows fits
i Detailed view of data and
k Micrograph of dovice 1;

line is best fit (to +30 mT dats),
to (AV]). (c) Dimensionless peak spacing
fl v = (AV] = (AVIN/(AV]), es a function of gate
e ¥, for data in (b). Diff between =30 mT data
&x tal noice. Normalized (spin-resolved) mean

level spacing Agy/Ee Indicated by vertical bar (ses Table 1),

4524

B=0
T = 100 mkK

Lh

= ist e G
B G o o
10 v
B=0
3 T-100mK
0,05
L
FIO. 2. Histograms of normalized spacing » (bars) for
(o) B = 0nnd (b) 8 + 0 for devices 3, 4, end 5. Infﬂmfnu
show best fit to normalized Gaussian of dth 0.019 (0.015) for
LRI,
CB peaks from the devices v "'-"
independent for 5 = 0 (8 # lﬁc r indicates
ved) mean level spacing ed over the
devices, Right insets: Plots of histog and best
fit Gaussian (solid curve) on ! Dashed curvo i
Gaussian of widih 0.13 from Rel. [5]. Laft inssts: Doted

cirves are CI + SDRMT ng distrbutions; salid
curves comespond to CL + 8 distributions convolved
with Gaussian of width oyye(r) = 0.009 averaged over the
thres dots (see Table [).
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&qﬂﬂm egua fiow :

G, [We f(6-6-e0) — W, f(E, -6 +e0)]=
= G [W, §(e-&)- w, f(g-€)]
Linear conductence (Vo).

G = G, Ge ' :Ftﬂ):r("&l)f -FTEJJC('E)
G.* Gp fe) + £

3

E€=E -£, dopenda cm E;

4 m&gpa;f-lm &4["‘-"-@1. ‘}'LI.HHE-EL@ RUueATs
* L:,HGQQP-EO\IJ.H.HLIC - -luahefihgs ‘j""“"ﬁ\-lg,l...l @L, G
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VoLUNE T9, Nussaer 7 PHYSICAL REVIEW LETTERS 1% ALGUsT 1997

Strong Tunneling in the Single-Flectron Transistor

P. Joyez, V. Bouvatist, B. Rateve, C. Urtinn, amd M. H. Devoret

Seevice de Phynque de I'Bial Condenté, Commigyarion & F'¥rerge . Faetay, 1I9T Gif-sur-Freite, Fravce
{Reewiowd 77 Iwniary [997)

YO sample 1 " Sample 3
ample 1, | 1 ample
Wy «=0.6 hgh T+ . omB5

0.6 ==
i -
0.2
0.0 Lt el bzl o Bonc Ol
w0 ‘ - 1.0
lowT
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Sample 3
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VOLUME 76, NuMBER 10 PHYSICAL REVIEW LETTERS 4 MarcH 1996

Non-Gaussian Distribution of Coulomb Blockade Peak Heights in Quantum Dots

A M. %ﬂgﬂ;! L.N. Pfeiffer,! K. W. West,' and T. ¥.
VAT&T Bell Mounitain Avenue, Murray Hill, New Jersgy @
AT&T Bell Laborataries, Crawfords Corner Road, Holmdel, New Jersey 07733
(Rooeived 26 July 1995)
We have ohserved & strongly non-Gaussian distribution of Coulomb blockade condinctance ik

heights for tuaneling through quantum dots. At zero magnetic field, a Inw«mndmg
the distribution; the distribution at-nonzero field is distincily different and still
observed distributions are consistent with theoretical predictions based on single-level tunpeling and the

concept of “quantum chaos™ in a closed system. weakly coupled to leads,

(2 -2 GoE

P(oV)=dof Kul(2) + Ky (2:) ]2 GUE
. (@ 28,)

(Talobort Stoue, Athassid, 1992)

mwu-fc,hamhee cae :
Wiseciolo, Prigoctin , Alhlueler, /995

—

Cirosrover GOE -~ QueE .
Fallke, 'Ejftlla\-: /99¢
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Srper VOLuME 76, NuMBER 10 PHYSICAL REVIEW LETTERS 4 MaRCH 1996
Statistics and Parametric Correlations of Coulomb Blockade Peak Fluctuations
in Quantum Dots
- L A. Folk, 8. amﬂnmmammnmummmm
- mewmmmm

and A.C, Gossard
Materials Departmens, m%mmmmm

Al "Tif. i
)1 P ’ ' "”
R T T i | p(ﬂ) e Cs-pj
(Talabert, Stone, Mhassial 1922

enp
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YRR L ‘i Fakif e il




— e

- H"I
tgl.u-m 't“"'d‘;’g roceises
(co~ tunneling) :
« Tnefagte
i Co—fuin |
elng  (fvarin, Dclinfsov 88)

in
« Elashe
co - Tusmel; s
'y rﬁw’m g1 ’G“)
NI ES T
1. B2 2
e/h G




~ 36—

- Elastic co- fum'e(ag contreubions 6f ;
_a,# M 4o the 'ﬁmm&g aunplifude

A= 5-"*:

Wn) Win
E #E;|
toiparﬁeipdi?fﬂugfgs Random ¥ = random A;
2 rE‘-II.. = r'l'.-hﬂ 'I. SE -
) dAdS ~ T "‘ [;_.fi Q.Gg('g-:
N
W= 2ZIal® + Z A
lgag . t,iu
-;V'Etrms NEN terms
"4 =h
Al = N-<IASS var [A* ~ JWEN < 1A%

N1 => <A ~ Wlﬂla

6|68 ~ (2 g &

-5 . y
‘Averin Masarsy Aeiner, L 6.
(D90 ; [49¢
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Energy defict E. — many discrete &veds
 participate in. co~tunnedig,

- NeBefse
Lmﬁae magne bie fg.ux /s needed o cﬁmge G »
Vawr:ia. é’&._ jﬁfé Vﬂff"je : #of pmﬁmg
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