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CB peak height (Porter-Thomas) statistics
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J. Folk, et al., Phys. Rev. Lett. 76 1699 (1996).
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Changing the Electronic Spectrum of a Quantum Dot by Adding Electrons

S.R. Patel, D.R. Stewart, and C. M. Marcus
Department of Physics, Stanford University, Stanford, California 94305

M. Gokgedag, Y. Alhassid, and A. D. Stone
Center for Theoretical Physics, Sloane Physics Laboratory, Yale University, New Haven, Connecticut 06520

C.I1. Duru6z and J. S. Harris, Jr.

Electrical Engineering Department, Stanford University, Stanford, California 94305
(Received 7 August 1998)

FIG. 1. Coulomb blockade peaks in conductance g as a . _
function of gate voltage V, at (a) 45 mK and (b) 400 mK from  FIG. 2. Peak height correlations C (n) at 45, 100, 200, 300,

device 1. Insets: SEM micrograph of device 1. Peak height ~ and 400 mK for (a) dot 1 and (b) dot 2. (c) Temperature
fluctuations 8g; extracted from these data sets. dependence of correlation length n. for different device

configurations, and numerical RMT result. Inset: Gray-scale
plots of conductance for three successive CB peaks, showing
paired peaks i and i + 1, presumably a spin pair.
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“weak localization’” of coulomb blockade

J.A. Folk, et al., Phys. Rev. Lett. 87 206807 (2001).
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VOLUME 78, NUMBER 14 PHYSICAL REVIEW LETTERS 7 APRIL 1997

Quasiparticle Lifetime in a Finite System: A Nonperturbative Approach

Boris L. Altshuler,’ Yuval Gefen,” Alex Kamenev,” and Leonid S. Levitov?
'NEC Research Institute, 4 Independence Way, Princeton, New Jersey 08540
*Department of Condensed Matter Physics, The Weizmann Institute of Science, Rehovot, 76100, Israel

SMassachusetts Institute of Technology, 12-112, Cambridge, Massachusetis 02139
(Received 30 August 1996)

The problem of electron-electron lifetime in a quantum dot is studied beyond perturbation theory
by mapping onto the problem of localization in the Fock space. Localized and delocalized regimes
are identified, corresponding to quasiparticle spectral peaks of zero and finite width, respectively.
In the localized regime, quasiparticle states are single-particle-like. In the delocalized regime, each
cigenstate is a superposition of states with very different quasiparticle content. The transition energy is
€. = A(g/Ing)"/?, where A is mean level spacing, and g is the dimensionless conductance. Near €,
there 1s a broad critical region not described by the golden rule. [S0031-9007(97)02895-0]

Below T*, quasiparticles cannot decay
T" ~A&N

A~ 0.07 Kfor Area =1 um
A~ 0.7 Kfor Area = 0.1 um
A~ 7 Kfor Area =0.01 um
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12 NOVEMBER 2001

Decoherence in Nearly Isolated Quantum Dots

J. A. Folk and C. M. Marcus

Department of Physics, Stanford University, Stanford, California 94305

and Department of Physics, Harvard University, Cambridge, Massachusetts 02138

(Received 31 July 2000; revised manuscript received 29 May 2001; published 30 October 2001)

J.S. Harris, Jr.
Department of Electrical Engineering, Stanford University, Stanford, California 94305
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Y. Alhassid, Phys. Rev. B 58, 13 383 (1998).
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Dephasing Times in Closed Quantum Dots

Eli Eisenberg, Karsten Held, and Boris L. Altshuler

Physics Department, Princeton University, Princeton, New Jersey 08544

and NEC Research Institute, 4 Independence Way, Princeton, New Jersey 08540
(Received 29 October 2001; published 14 March 2002)
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CB peak statistics and Exchang
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Shot noise:
Signature of discrete charges
evident in tunneling processes

<(AI)2>V = 2e(l)
W. Schottky, Ann. Phys. (Leipzig) 57, 541 (1918)

power spectral density of current fluctuations

S(f) = (0I(f)")/Af

In thermal equilibrium, zero current flowing

S =4kTG

temperature /" \conductance

Out of equilibrium (current flowing) at zero temperature

SPoisson — 261_
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current and noise in terms of transmission
(Landauer formula)

example |: QPC N
_ 2¢?
I =—V 1,
P>
2e? al
— 26— 1,1 -1,
S e~ Vnz::l ( )

example 2: disordered metal wire

- 12 1

- losed B B

x }:}o::nels gﬁ:n{(?s ’Iﬂ? 10 1 P(T) x T 1(1 L T) 1/2

5 I S

. a1 =g [T*P(T)dT/ [ TP(T)dT = 2/3
© T <T> 3 D) 7

2 g fano factor

g % ot <T(1-T)> 3 1

) - 0 T <T> = 3

0 0 transmission eigenvalue, T 1 0 10 20 30 40

current (LLA)

Tuesday, September 18, 2007



: i 0.3K 42K
NOISE E | Y AN A
l Device ', ‘: v
measurement . %5052 ; %50.@ 1 Power
N o IR VAN N | » Spectrum 1
circuitry A= I - FEE0E | bigiize\] | cross
+ L. ) ! W & FFT/ Spectrum
5 ,\_JT [ : » Power
: . ‘ 'J_'\TJ:: %SUQ . %50{2 v Spectrum 2
| i ! 2
L= R% %L C. = . F B0 a8
. . . DMM
equivalent LF circuit ,
MA— +
h.d
Vd“;ZZ 1 L >ERss0
_;i: = Vh.ds
5]@% _?OnF %SDQ
equivalent RF circuit = ~—n

%50 Q
i B6uH 2040
- y . -

% AU-1447

5kQ 96 pF

REVIEW OF SCIENTIFIC INSTRUMENTS 77, 073906 (2006)

Tuesday, September 18, 2007 18



XR(f) =

X,

R
1L+ (f —fg */(fAf3q8)°

sP &

4kpTe/Rs
MA
Ry A %
4kgTe/R‘ § ——
Rl LT C

500F

400r

o
-
=

X9 [10™° V¥ Hz]

—e-000-0—0-0-0-0—&
0.0 05 10 15 20 25
Reff [k<2]

o

dXYdRgqr [107° V7 (Hz Q)]

0o 1 2 3 4 5
Ttridge [K]

X?e =4kgT R effG)zf

Tuesday, September 18, 2007

19



De?
SE(Vy) = 2==N

noise factor

NO DN

N O N O

N O

eV 4 coth

kT

€

1 10

— 2k, T,

— %E Tn,(r(l o Tn,()')

[vu az] js

Tuesday, September 18, 2007

20



week ending
PRL 97, 036810 (2006) PHYSICAL REVIEW LETTERS 21 JULY 2006

Shot-Noise Signatures of (0.7 Structure and Spin in a Quantum Point Contact

L. DiCarlo,"* Y. Zhang,"* D. T. McClure,"* D.J. Reilly," C. M. Marcus,' L. N. Pfeiffer,” and K. W. West”

'Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

’Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974, USA
(Received 2 April 2006; published 21 July 2006)
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PRL 97, 186801 (2006)

PHYSICAL REVIEW LETTERS

week ending
3 NOVEMBER 2006

Suppression of Shot Noise in Quantum Point Contacts in the “0.7 Regime”’

A. Golub,' T. Aono,' and Yigal Meir'~

'Physics Department, Ben-Gurion University, Beer Sheva 84105, Israel
*The lise Katz Center for Meso- and Nano-scale Science and Technology, Ben-Gurion University, Beer Sheva 84105, Israel
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eek endin
PRL 98, 056801 (2007) PHYSICAL REVIEW LETTERS 2 FEBRUARY 3007

Tunable Noise Cross Correlations in a Double Quantum Dot

D.T. McClure, L. DiCarlo, Y. Zhang, H.-A. Engel, and C. M. Marcus
Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

M. P. Hanson and A. C. Gossard

Department of Materials, University of California, Santa Barbara, California 93106, USA
(Received 11 July 2006; published 29 January 2007)
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PRL 99, 036603 (2007) PHYSICAL REVIEW LETTERS

week ending
20 JULY 2007

Noise Correlations in a Coulomb-Blockaded Quantum Dot

Yiming Zhang,1 L. DiCarlo,! D.T. McClure,1 M. Yamamoto,z’3 S. Talrucha,z’4 C.M. Malrcus,1
M.P. Hanson,5 and A. C. Gossard’
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PHYSICAL REVIEW LETTERS week ending

PRL 99, 036603 (2007) 20 JULY 2007
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Noise Correlations in a Coulomb-Blockaded Quantum Dot

Yiming Zhang,1 L. DiCarlo,! D.T. McClure,! M. Yamamoto,>> S. Tarucha,>* C. M. Marcus,’

M.P. Hanson,5 and A. C. Gossard’

, 0.00 0.25 28 2 0 10
dot1 e /] mmme=——— S1[10 A/ Hz] mmmes—

© ¥ ‘

Vo [mV]

7

-1.76 Vi [V] -1.74  -1.76 Vi [V] -1.74

10

500 nm 3 g

- F

I 2 6

N 1%

) 3 4

= (Be

= o> 2

o @
O 1 1 1 1 1
0.0 -0.2 -04 -0.6 -0.8 -1.0

Vo [mV]

Tuesday, September 18, 2007

27



PHYSICAL REVIEW LETTERS week ending

PRL 99, 036603 (2007) 20 JULY 2007

Noise Correlations in a Coulomb-Blockaded Quantum Dot

Yiming Zhang,1 L. DiCarlo,! D.T. McClure,1 M. Yamamoto,z’3 S. Tarucha,z’4 C.M. Malrcus,1
M.P. Hanson,5 and A. C. Gossard’
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PRL 99, 036603 (2007)

week ending
PHYSICAL REVIEW LETTERS 20 JULY 2007

Noise Correlations in a Coulomb-Blockaded Quantum Dot

Yiming Zhang,1 L. DiCarlo,! D.T. McClure,! M. Yamamoto,>> S. Tarucha,>* C. M. Marcus,’
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Double Dots

one big dot two independent dots
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van der Wiel, et al.

Tuesday, September 18, 2007

31



transport sensing

Tuesday, September 18, 2007



Controlled Interdot Tunneling

Top Gate

Coupling
Gate

Bot. Gate

Bottom Gate

Bottom Gate Bottom Gate

J. R. Petta, CMM (2004)
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ion traps Josephson devices

Electron Spins in Dots
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Measurements of the spin relaxation rate at low magnetic fields in a quantum dot

S. Amasha,b * K. MacLean,! Tuliana Radu,! D. M. Zumbiihl,!>2 M. A. Kastner,! M. P. Hanson,? and A. C. Gossard?

! Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
“Department of Physics and Astronomy, University of Basel,
Klingelbergstrasse 82, CH-4056 Basel, Switzerland
?Materials Department, University of California, Santa Barbara 93106-5050
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singlet-to-charge conversion
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Measuring Spin Dephasing (T2")
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K. Schulten and P. G.Wolynes, |. Chem. Phys. 68 3292 (1978);]. M. Taylor, et al. cond-mat/0602470 (2006).

Tuesday, September 18, 2007 50



BZeeman O~ BNuclear BZeeman > BNuclear

BTotal

T1,T2 short T1 long; T2 short
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VOLUME 88, NUMBER 18

PHYSICAL REVIEW LETTERS 6 May 2002

Electron Spin Decoherence in Quantum Dots due to Interaction with Nuclei

Alexander V. Khaetskii,! Daniel Loss,' and Leonid Glazman

2

'Department of Physics and Astrononty, University of Basel,
Klingelbergstrasse 82, CH-4056 Basel, Switzerland

2Theoretical Physics Institute, University of Minnesota, Minneapolis, Minnesota 55455
(Received 17 January 2002; published 19 April 2002)

We study the decoherence of a single electron spin in an isolated quantum dot induced by hyperfine
interaction with nuclei. The decay is caused by the spatial variation of the electron wave function within
the dot, leading to a nonuniform hyperfine coupling A. We evaluate the spin correlation function and
find that the decay is not exponential but rather power (inverse logarithm) lawlike. For polarized nuclei
we find an exact solution and show that the precession amplitude and the decay behavior can be tuned
by the magnetic field. The decay time is given by /iN/A, where N is the number of nuclei inside the
dot, and the amplitude of precession decays to a finite value. We show that there is a striking difference
between the decoherence time for a single dot and the dephasing time for an ensemble of dots.

DOI: 10.1103/PhysRevLett.88.186802

The spin dynamics of electrons in semiconducting
nanostructures has become of central interest in recent
years [1]. The controlled manipulation of spin, and in
particular of its phase, is the primary prerequisite needed
for novel applications in conventional computer hardware
as well as in quantum_information processing. It is

PACS numbers: 73.21.La, 76.20.+q, 76.60.Es, 85.35.Be

turn interact with each other via dipolar interaction, which
does not conserve the total nuclear spin and thus leads to
a change of a given nuclear spin configuration within the
time T, = 10~ % s, which is just the period of precession
of a nuclear spin in the local magnetic field generated by
its neighbors.

thus desirable to unders

the spin phase coheren  The typical fluctuating nuclear magnetic field seen by the

GaAs semiconductors, v

unusually long spin d €lectron spin via the hyperfine interaction is of the order
100 2]. Si in G . .
pe 12 onee 0 O3 of [9] ~A/+/N gup, with an associated electron preces-

hyperfine interaction be

is unavoidable, and it is 1 ~ 1 -
s unvoidible, and 1Uis| - sjon frequency wy = A /~/N, where A is a hyperfine con
particularly so for electry - Stant, g the electron g factor, and up the Bohr magneton.

system such as a quant

state. since, besides fu LOT @ typical dot size the electron wave function covers
are promising candidatel - g yyroximately N = 10° nuclei, then this field is of the

recent work on spin rela

in GaAs nanostructures |- order of 100 G in a GaAs quantum dot. The nuclei in BhUC,| BHUC,I’

Motivated by this we
spin dynamics of a sin
dot in the presence of nuclear spins. We treat the case of
unpolarized nuclei perturbatively, while for the fully po-
larized case we present an exact solution for the spin dy-
namics apd show that the decay is nonexponential and can
be strorigly influenced by external magnetic fields. We use
theAerm “decoherence” to describe the case with a single

ot, and the term “dephasing” for an ensemble of dots [8].

The typical fluctuating nuclear magnetic field seen by the
electron spin via the hyperfine interaction is of the order
of [9] ~A//N gMp, with an associated electron preces-
sion frequency wy = A/ VN, where A is a hyperfine con-
stant, g the electron g factor, and wp the Bohr magneton.
For a typical dot size the electron wave function covers
approximately N = 10° nuclei, then this field is of the
order of 100 G in a GaAs quantum dot. The nuclei in

186802-1 0031-9007/02/88(18)/186802(4)$20.00

flip-flop process (due to hyperfine interaction) cre a
different nuclear configuration, and becaus e spatial
variation of the hyperfine couplin ants inside the dot,
this leads to a different v. of the nuclear field seen by
the electron spi thus to its decoherence. Below we
will fi t this decoherence is nonexponential, but still

can indicate a characteristic time given by (A/AN)~!
[8]. Moreover, we shall find that 7,, > (A/AN)"!, and
thus still no averaging over the nuclear configurations is
indicated (and dipolar interactions will be neglected hence-
forth). To underline the importance of this point, we will
contrast below the unaveraged correlator with its average.

Unpolarized nuclei.—We consider a single electron
confined to a quantum dot whose spin S couples to an
external magnetic field B and to nuclear spins {I'} via

© 2002 The American Physical Society 186802-1
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Probability for separated singlet to
be found in a singlet after time Ts
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4

J. R. Petta,A. C. Johnson, |. Taylor, A.Yacoby, M.D. Lukin,
M. Hanson,A. C. Gossard, CMM Science 309 2180 (2005)
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Hahn Echo in S - Tg basis
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Exchange Control: Rabi oscillations between Tl and | T states
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Time evolution of the singlet return probability

D. Reilly, J. Taylor, Marcus Lab
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Comparing Experiment and Theory
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D. Reilly, J. Taylor, Marcus Lab

Tuesday, September 18, 2007

61



Relaxation, dephasing, and quantum control of electron spins in double quantum

J. M. Taylor,! J. R. Petta,! A. C. Johnson,! A. Yacoby,? and C. M. Marcus,! and M. D. Lukin!

I Department of Physics, Harvard University, 17 Ozford St., Cambridge, MA 02138
* Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot 76100, Israel
(Dated: December 13, 2005)

upper frequency cut-off of nuclear dynamics

Yo Br%uc/BeXtm

Boowe =3 mT
Beyt = 100 mT
N ~ 106

v~ 10!

this sets the scale for spin-echo T2

Ty sp =84\ /T /v ~ 2us
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Hyperfine-mediated gate-driven electron spin resonance

E. A. Laird*,! C. Barthel*,! E. I. Rashba,"? C. M. Marcus,® M. P. Hanson,®> and A. C. Gossard?
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Hyperfine-mediated gate-driven electron spin resonance

E. A. Laird*,! C. Barthel*,! E. I. Rashba,"? C. M. Marcus,® M. P. Hanson,®> and A. C. Gossard?
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contact hyperfine coupling

H}(é' = AE](S(I‘ + R(t) — I‘j)(Ij . S)

mean field model

HE@) = J(t) - o

Larmor detuning
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Spin flip
Ji(t) =
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Simple assumptions
plw:) = exp(—w?/A%)/(Ay/T)

p(Q) = 202 exp(— 02 /%) /0

E. Laird, C. Barthel, E. Rashba Marcus Lab arXiv: 0707.05572 (2007)
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Hyperfine-mediated gate-driven electron spin resonance

E. A. Laird*,! C. Barthel*,! E. I. Rashba,"? C. M. Marcus,® M. P. Hanson,®> and A. C. Gossard?

ESR Imaging: field gradient - frequency shift - spacial resolution
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Single-electron Dynamic Nuclear Polarization
at the S - T+ anticrossing
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D. Reilly, J. Taylor, Marcus Lab
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Single-electron
Dynamic Nuclear
Polarization

polarization field calibration

rastered gate

rastered gate

applied magnetic field (mT)

Btotal’ [mT]

1.5 2.0 2.5 3.0 3.5
Electron-nuclear flip/flop rate, [MHZz]

16 Bapplied ~8mT

14 exponential fit gives
8s relaxation time

time following polarization [s]
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Single-electron
Dynamic Nuclear
Polarization

polarization field calibration

rastered gate

rastered gate

applied magnetic field (mT)
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Single-Electron DNP cycle extends T2*

Bext =8 mT

Bext =8 mT

Ts = 50ns

D. Reilly, |. Taylor, Marcus Lab
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PHYSICAL REVIEW B 75, 161301(R) (2007)

RAPID COMMUNICATIONS

Dynamical nuclear spin polarization and the Zamboni effect in gated double quantum dots

Guy Ramon* and Xuedong Hu

Department of Physics, University at Buffalo, State University of New York, Buffalo, New York 14260-1500, USA

(Received 12 February 2007; published 5 April 2007)

A dynamical nuclear polarization scheme is studied in gated double dots. We demonstrate that a small
polarization (~0.5%) is sufficient to enhance the singlet decay time by two orders of magnitude. This en-
hancement is attributed to an equilibration process between the nuclear reservoirs in the two dots accompanied
by reduced fluctuations in the Overhauser fields that are mediated by the electron-nuclear spin hyperfine

interaction.
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T2* extended by a factor of 70
with small SE-DNP polarization
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mostly zero nuclear spin isotopes
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Si/Ge Nanowire with Integrated Charge Sensor
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Nonequilibrium Singlet-Triplet Kondo Effect in
Carbon Nanotubes

J. PAASKE!*, A. ROSCH?, P. WOLFLE?, N. MASON*®, C. M. MARCUS® AND J. NYGARD,!

IThe Niels Bohr Institute & The Nano-Science Center, University of Copenhagen, DK-2100 Copenhagen, Denmark
2 Institut fiir Theoretische Physik, Universitat zu Koéln, 50937 Koln, Germany

3 Institut fiir Theorie der Kondensierten Materie, Universitit Karlsruhe, 76128 Karlsruhe, Germany

4 Department of Physics, University of Illinois at Urbana Champaign, Urbana IL 61801-3080, USA

5 Department of Physics, Harvard University, Cambridge MA 0213, USA
*e-mail: paaske®fys.ku.dk.
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Gate-Defined Quantum Dots on Carbon
Nanotubes

M. J. Biercuk, S. Garaj, N. Mason, J. M. Chow, and C. M. Marcus*

Department of Physics, Harvard University, Cambridge, Massachusetts 02138

NANO
LETTERS

2005
Vol. 5, No. 7
1267—1271
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