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uantum dot devices

a

(&) Aquanturn dotcan be defined by applying woltages to the sumounding gate
electrodes (yvellow). The tunnelling between the dot and the external
electrodes (top left) is controlled by changing the voltages on the lower-left
and lower-right gates. This coupling defines the lifetime broadening, I, of the
guantum state in the dot. The number ofelectrons and the energy levels are
tuned by thevoltage on the lowe Fce ntral gate. The puddle of electrons
{confined red region) isabout 0.5 micronsin diameter. (b) Quantum dots can
be placed in both arms of a two-slitinterference device. Such a device has
been used to investigate whether this scattering destroys the inte ference
pattern. (c) Three quantum dots that have been used tocompare the Kondo
effect farsinglet, doublet andtriplet spinstates.

L.Kouwenhoven and L.Glazman, Physics World 2001

5 Universal scaling
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{#) The conductance (yaxiz) as a function of the gate voltage, which changes
the number of electrons, N, confined in a gquantum dot. When an even number
of glectrons iz trapped, the conductance decreases as the temperatu re is
lowered from 1 K {orange)to 25 mk (light blue). This behaviour illustrates that
there iz no Kondo effect when N is even. The opposite temperatung
dependence is observed foran odd number of electrons, L.e. when thereis a
Kondo effect. () The conductance for N+ 1 electrons at three different fixed
Pate voltages indicated by the coloured amows in (a). The Kondo temperature,
T, for the different gate voltages can be calculated by fitting the theory o the
data. (c) When the same data are replotted as a function of temperature
divided by the respective Kondotemperatung, the different curves lie on top of
each other, illustrating that electronic transport in the Kondo regime is
described by a universal function that depends only on T/T,.




Kondo-effect In Quantum dots
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2 Spin flips

a initial state virtual state final state density of states

(&) The Ande rson model of a magneticimpurity assumes that it has just one electron level with energy e, below the Fermi energy of the metal (red). This level is
cccupied by one spin-upelectron (blue). Adding ancther electron is prohibited by the Coulomb energy, U, while it would cost at least |e | 1o remove theelectron.
Being a quantum particle, the spin-up electron may tunnel out of the impurity site to briefly occupy a classically forbidden “virtual state” outside the impurity, and
then be replaced by an electron fromthe metal. This can effectively “flip” the spin of the impurity. (B) Mary such events combine fo produce the Kondo effect,
which leads to the appearance of an extra resonance atthe Fermi energy. Since transport prope rties, such as conductance, aredetermmined by electrons with
energies closetothe Fermilevel, theextra resonance can dramatically change the conductance.

L.Kouwenhoven and L.Glazman, Physics World 2001




3 Single magnetic impurities under the microscope

{a) By manipulating cobalt atoms on a copper surface, Don Eigler and colleagues at IBM have placed a
single cobalt atom at the focal paint of an ellipse bullt from other cobalt atoms (bottom}. The density of
states (top) measured at this focus reveals the Kondo resonance (left peak). However, elliptical
confinement also gives rise to a second smaller Kondo resonance at the other focal point (right) even
though there is no cobalt atom there. {b) Meanmwhile, Mike Crommie and co-workers have measured two
Kondo resonances produced by two separate cobalt atoms on a gold surface (top). When two cobalt
atoms are moved close together uging an STM, the mutual interaction betwean them causes the Kondo
effect to vanish (data not shown).




Double Quantum Do
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We observed new type of Lorentzian-shaped resonances in the current through two coupled quantum
dots with tunable barriers. We show that the resonances occur when the energy of two discrete states
match. Their widths can be as small as 5 weV and are only determined by the lifetime of the discrete
energy states, independent of the reservoir temperature. The achieved energy resolution makes it
possible to observe a small asymmetric deviation from the Lorentzian line shape, which we attribute o

inelastic tunnel processes.
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FIG. 2. 7-V curve of the double dot, showing sharp reso-

nances in the current when two (D states line up. Upper inset: )

[-V curve of dot 1. Lower inset: -V curve of dot 1. Both in- 'Iilt[ll {'ﬁ"‘II-'-.‘I 'N_‘} —|E'|t[l_ (N ~M:+1}
sets show a suppression of the current at low voltages due to bt s = o
the Coulomb blockade and a stepwise increase of the current

due to the discrete energy spectrum of the dot.
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Parallel-and serial DQD
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Exotic symmetries

SU(4) Fermi liquid Quantum Phase transition
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FIG. 1. Upper part: Schematics of the DD device. Lower
part: Virtual process leading to 'spin-flip assisted tunneling’
as described in Eq. {(4)

L.Borda,Gzarand,W.Hofstetter,B.I.Halperin, and Jan von Delft,
PRL 2003 W.Hofstetter and H.Schoeller, PRL 2002




Singlet-triplet transition in a magnetic field

FIG. 1. {a) The spinless ground state of the dot with N =
even electrons. () Excited state which has 8% = 1. States
(a) and (b) differ by adding a spin-down or spin-up electron
accordingly to the state |0 of N — 1 electrons in the dot,
shown at (¢). The states (a) and (b) are denoted as | |} and | 1}

in (5).

FlG. 4. Position of the peaks of differential conductance at
(e ¥Fpe A) plane. The dashed lines correspond to ¥ = A, The
angle &= y /2= ypvJ./4=€] can be either positive or negative, de-
pending on the sign of the nonuniversal parameter .
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FIG. 1. Typical picture of the singlet-triplet transition in the
ground state of a quantum dot.
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FIG. 2. Low-energy states of a spin-degenerate quantum dot
in magnetic field.

M.Pustilnik and L.Glazman, PRL 2000, PRB 2001
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Hamiltonian for DQD model

Anderson Hamttonian
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Spin-Rotator Hamiltonian




Symmetric and asymmetric DQD
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Spin Rotator (SR) Model
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SO(4) algebra of Spin-Rotator

Permutations

[SJ’SK}:igJKISI [PJ’Pk]:igjkISI [Sj’Pk]:igij

Representation in terms of Hubbard operators

P+=\/§(X15—XS_1) P:\/E(XM—XB) p?

Casimir operators




Two examples-of hidden symmetry in SO(4)

A) D=3 Coulomb problem

'H,A|=0

B) Quantum rotator




Green’s functions

Fermi - representation of SQ(4) group

S* =N2(f fa+ £ ). ST =v2(f1f+ ), 87 =l f i1 ,)

P 2(1 8- 1), P =2 (1 - T4 ) P =
Electrons in the leads
singlet

Two-electron states in the dot
triplet




Semi-fermionic (SF) representation

S=1/2
a)=27rT(n+1/4) 60:27ZT(n+1/3)

Zs =Tr|exp(—BH;) |= ATr| exp(—BH + BuN.) |

M.Kiselev and R.Oppermann, PRL 2000




Real-time SF approach
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SU(2) Kondo model. Vertices
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SO(4) SR Kondo model. Vertices
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SU(2) Kondo model. Self-energies
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SO(4) SR Kondo model. Self-energies

T
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Doniach diagram

G/G, o In(T/T,)
T Dn.10.20.30.40.50.6

Dimensionless coupling J/D




Basic inequalities

18Vier 8V, €V, § <{E4,U —E,} Validity of SW transformation

T, <eV <0 <« D Absence of Kondo effect inequilibrium

Condition of Kondo resonance in nonequilibrium

2
j < <o DC decoherence rate effects are irrelevant

h / T g < TK AC decoherence rate effects are irrelevant




Conclusions

 resonance Kondo tunneling through DQD with even
occupation number and singlet ground state can be
Induced by external electric field which-compensates the
energy of singlet/triplet excitation

e decoherence effects associated with the relaxation of
triplet state are controllable by tuning of the
singlet/triplet splitting

e electric field induced Kondo effect can be observed In
DQD in parallel geometry




