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Outline

1. Early observations of charge
discreteness in tunneling

2. What is a quantum dot

3. Coulomb blockade of conduction
through a dot |

4. Interference effects: Mesoscopic
fluctutations of the conductance

5. Spin of a quantum dot and
the Kondo effect
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FIG. 1. Model and level scheme of 8n particles in a
tunnel junction. Vp is the energy in eV of the last
filled state at T =0 of the Sn particle, with respect to
the Fermi energy of Al. AV=¢/C is the voltage change
of the particle caused by addition of one electron. In
equilibrium —e¢/2¢ =Vp=e/2C holds.
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Fi5. 7. Current-versus-voltage characteristic of a junction with
average particle radius r=110 & at 1.6°K for H=0 (particles
superconducting) and H =35 k0e (particles normal),

When a voltage is applied we get a current flow
through the junction. The electrons can flow from one

side of the junction to the other by essentially three
different mechanisms:

(1) direct tunneling through the aluminum oxide,
avoiding the Sn particles. This mechanism gives a con-
stant, voltage- and temperature-independent, back-
ground conductivity, For properly prepared junctions
with a particle radius r>>30 A direct tunneling can be
made completely negligible even at 1°K and at zero
bias. '

{(2) tunneling from ope onto a S icle,
localizing the electr and in tu in
out on to the other side. This ss needs an activa-
tion_energy which in tumn is responsible for the zero-
bias resistance peak. We will discuss this process in
most of the remainder of the paper.

(3) tunneling from_one aluminum flm throu h a
particle and out onto the other aluminum flm without
actually localizing the electron_on the particle. The

particle is only involved as an intermediate state; thus,
the process is of second order. This.process can con.

ceivably become | rtant at low temperatures and
al_low voltages; however, no experimental evidence
has been found for this process. It is very similar in
principle to Anderson’s model'® for tunneling involving
intermediate magnetic impurity states,

According to process (2), in order to get a current
flow the number of electrons on a Sn particle has to be
changed by at least ome. The activation encrgy re-
quired is equal to the difference of the Coulomb energies
in the initial and the final state, i.e.,

E=3(e/CEVpPC—3VrC, 4

where the positive sipn holds for adding an.electron
and the negative sign for subtracting an electron. This
activation energy can only be supplied by the battery.
We would like to emphasize again that E is a pure
classical- Coulomb energy, and that all effects due to
the level spacing in the particle have been neglected
since the level spacing is small compared with E.

The capacitance of a specific particle, C, is simply
the sum of the capacitance between, the particle and the

= R

s £
Yo VD’ZC

Al Sa Al

Fic. 13, Mechanism of current flow for an asymmetric junction
{(Cc»Cr). An electzon from i cls into the

Rarticle, raising 1ts electron mumber irom to ‘and s
voltage from ¥p to Vp4-¢/C. In

nuLg_rz.m_fzth_ef_tﬂEbringing the particle back in its ground state.
This results in a step function for the conductivity as a function
of voltage.



= Theory
(kinetic equations + charge discreteness):
R.I. Shekhter, JETP 36, 747 (1973);
1.O. Kulik, R.I. Shekhter, 41, 308 (1975).

“Orthodox theory of Coulomb blockade”:
Reduces e-e interaction to the charging
effect, energy E-=¢°/C, and treats
tunneling as sequential events (no
coherence).

s Gate-controlled single-charge tunneling,
single-electron transistor:

T.A. Fulton, G.J. Dolan, PRL 59, 109
(1987) - experiment
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Observatioa of Single-Electron Charging Effects in Small Tunnel Junctions

T. A. Fulton and G. J. Dolan

AT&T Beil Laboratories, Murray Hill, New Jersey 07974
{Received 6 March 1987)

Unusual structure and large electric-field—induced oscillations have been observed in the current-
voltage curves of small-area tunncl junctions arranged in a low-capacitance (<1 fF} multiple-junction
configuration. This behavior arises from the tunneling of individual clectrons charging and discharging
the capacitance. The obscrvations are in accord with what would be expected from a simple model of
the charging energies and voltage Auctuations of e/ C associated with such cffects.
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I b—xr— To
- T ‘™ | -t-e FIG. 2. A scanning-electron micrograph of a typical sample
V/// ////M/////ﬂgg-__] Junctions labeled a, b, and ¢ are formed where the vertical
FIG. |. Left: An equivalent circuit for discussion of charg- clectrodes overtap and contact the longer horizontal central
ing effects for a single junction. Right: A comparable triple- electrode. The bar is 1 pm long. The configuration is alkso

junction circuit model. shown in the accompanying drawing.

T

50
25+
I(na) O

V(mv)
gate Vof'/aJe_

FIG. 5. f-V curves for a sample at 7=1.1 K for a set of
equally spaced substrate biases covering 3 of a cycle. Curves
are offset by increments of 7.5 nA. Inset: V vs Vi tor two
fixed currents J=10.5 and 26 nA.
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PHYSICAL REVIEW LETTERS

18 AUGUST 1997

Strong Tunneling in the Single-Electron Transistor

P. Joyez. V. Bouchiat, D. Esteve, C. Urbina, and M. H. Devoret
Service de Physique de I Etat Condensé, Commissarial d I'Energie Atomique, Saclay, 91191 Gif-sur-Yvette, -France

(Received 27 January 1997)
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Figure 2-10 The ﬁgurc plots the probability distribution of the reduced neutron widths

observed in the reaction # + *3*Th (I'®™(E,) = F'{E)E,~/*(eV)). The data are taken from
J. B. Garg, ). Rainwater, J. S. Petersen, and W. W. Havens, Jr., Phys. Rev. 134, B985 (1964).

v The theoretical distribution obtained in the limit of extreme configuration
mixing (Porter and Thomas, 1956) is a x* distribution with v = 1. Since such
a distribution varies as (7®)~ 32 for small values of I\’ (see Eq. (2C-28)),

I } ~(2-115)

P = 2ulio ) -1 cxpl- oy

it is convenient to plot the distribution of (I'{®)"/?. The observed widths in
Fig. 2-10 follow the distribution (2-115) rather well, but are in disagreement with
the Poisson distribution {a ¥? distribution with v =2; see Eq. (2C-29)).
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Non-Gaussian Distribution of Coulomb Blockade Peak Heights in Quantum Dots

A.M. Chang,' H.U. Baranger,' L. N. Pfeiffer,' K. W. West,' and T. Y. Chang?
VAT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974-0636
2AT&T Bell Laboratories, Crawfords Corner Road, Holmdel, New Jersey 07733
(Received 26 July 1995)

We have observed a strongly non-Gaussian distribution of Coulomb blockade conductance peak
heights for tunneling through quantum dots. At zero magnetic ficld, a low-conductance spike dominates
the distribution; the distribution at nonzero field is distinctly different and still non-Gaussian. The
observed distributions are consistent with theoretical predictions based on single-level tunneling and the
concept of “quantum chaos” in a closed system weakly coupled to leads.
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FIG. 4. Histograms of conductance peak heights for (a) B = -
0 and {b) B # 0. Data are scaled to unit area: there are . \ A%L‘J‘&’ /9‘95‘
72 peaks for B = 0 and 216 peaks for B # 0; the statistical m,u.caogo ng,oobu, y
error bars are generated by bootstrap resampling. Note the ’
non-Gaussian shape of both distributions and the strong spike rer——
near zero in the B = 0 distribution. Fits to the data using both

the fixed pincher theory (solid) and the theory averaged over CV'D voVer C 0DE = QUE .
pincher vanation (dashed) are excellent. The insets show fits )

by xg(a)—a more Gaussian distribution—averaged over the —
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Statistics and Parametric Correlations of Coulomb Blockade Peak Fluctuations
in Quantum Dots

J. A. Folk, S.R. Patel, S.F. Godijn, A. G. Huibers, S. M. Cronenwett, and C. M. Marcus
Department of Physics, Stanford University, Stanford, California 943054060

K. Campman and A.C. Gos#ard

Maiterials Department, University of California at Santa Barbara, Sante Barbara, California 93106
(Received 18 September 1995)

We repost measurements of mesoscopic fiuctuations of Coulomb blockade peaks in a shape-
deformable GaAs quantum dot. Distributions of peak heights agree with predicted universal functions
for both zero and nonzero magnetic fields. Parametric fluctuations of peak ‘height and position,
measured using a two-dimensional sweep over gate voltage and magnetic field, yicld autocorrelations of
height fluctuations consistent with a predicted Lorentzian-squared form for the unitary ensemble. We
discuss the dependence of the correlation field on temperature and coupling to the leads as the dot is

opened.
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FIG. 1. (a) Temperaturc dependence of Coulomb peak line
shape for the larger dot (A = 15 peV). Circles show fit
of base temperature peak by g/gmu = cosh3(meV, f2kT).
Inset: Micrograph of the larger dot. V), and V,; are shape
distorﬁng gates. {b) Peak width measured as FWHM of the fit
to cosh™. Linear behavior at high temperatures gives voltage-
to-energy scale 7 = 0.12. (c) Inverse peak height decreases
with temperature for kT << A, From saturations at low T in
(b) and (c) we estimate the ¢lectron temperature in the dot o
be: 70 = 20 mK.

© 1996 The American Physical Society 1699

FIG. 2. Distribution of Coulomb peak conductamces, scalc
to dimensionless conductances a [Eq. (2)] for (a) we orthoge
nal (B = 0) ensemble and (b) the unitary ensewdle (B # ©
Insets: (a) Example of a set of peaks from which the di
tribution was obtained. (b) Grayscale plot of small regio
of gate-gate sweep used to derive thesc disaribwiions, show
ing Coulomb “ridges”™ along lines of constamt asea (lighter -
higher conductance). Error bars assume ~90 stasistically inde
pendent samples (see text).
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Coulomb blockade peak positions
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Signatures of spin pairing in a quantum dot in the Coulomb blockade regime

S. Lischer!, T. Heinzel!, K. Ensslin!,W. Wegscheider,?® and M. Bichler®
! Sodid State Physics Laboratory, ETH Zirich, 8093 Zirich, Switzerland
? Institui fir Angewandic und Erperimentelle Physik, Universitit Regensburg, 93040 Regensburg, Germany
3 Waller Schotiky Institut, TU Minchen, 8574{8 Garching, Germany
{February 15, 2000, cond-mat/0002226)

Coulomb blockade resonances are measured in a GaAs quantum dot in which both shape defor-
mations and interactions are small. The parametric evolution of the Coulomb blockade peaks shows
a pronounced pair correlation in both position and amplitude, which is interpreted as spin pairing.
As a consequence, the nearest-neighbor distribution of peak spacings can be well approximated
by a smeared bimodal Wigner surmise, provided that interactions which go beyond the constant

interaction model are taken into account .

PACS numbers: 73.20.My, 73.23.Hk, 05.45.+b

P(3) = % [8(s) + PP(s)] (1)

PB(s) is the Wigner surmise for the corresponding Gaus-
sian ensemble, i.e. § =1 for systems with time inversion
symmetry (Gaussian orthogonal ensemble - GOE), and
# = 2 when time inversion symmetry is broken (Gaus-
sian unitary ensemble - GUE). The peak spacing s is
measured in units of the average spin-degenerate energy
level spacing.
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FIG. 1. (a) Right inset: AFM picture (taken before evap-
oration of the top gate} of the oxide lines (bright) that define
the dot, coupled to source (S) and drain (D) via tunnel bar-
riers, which can be adjusted with the planar gates PC1 and
PC2. Gates I and II are used to tune the dot. Main figure:
Conductance G as a function of ¥}, showing Coulomb block-
ade resonances. Left inset: fit (line) to one measured CB peak
(open circles), see text. (b) Linear fit (line) of the peak spac-
ing AV;as a function of V; (dots). The average peak spacing
is almost constant, indicating small shape deformations.

Pgu(f_': og-) =

1 Y 2 .

(2)
Here, the “x” denotes the convolution.
1 11
(a) a0 ®
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FIG. 2. Measured NNS distributions (gray bars) for B=0
(a) and B # 0 (b). The bold solid curves are the fits to
P.E"(E_‘, o¢+), with the fit results as indicated in the fignre
(see text). Also drawn are the two components of P2, e
the Gaussian distribution of separations between spin pawrs,
and its convolution with the corresponding Wigner surniwes.
The inset compares the GUE data to P2{s} {eq. 1), using the
spin-resolved level spacing A/2 as the average peak separa-
tion.

{1] For a review, see L.P. Kouwenhoven, C.M. Marcss,
P.L. McEuen, S. Tarucha, R.M. Westervelt, and N.S.
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