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Fig. 2. Temperature dependence of the magnetic susceptibility
afl cerium and uranium compounds.
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The 3k, T /S(S+ 1Mgps)? versus In Tf Ty plot for S=1/2, 1, 3/2 impurities. The dashed line
in the right-hand side of the figure is the high-temperature asymptotic behaviour:
3T lS(S+1)=1—1/(In T/Ty). The dashed lines in the left-hand side arc the low-
temperature ones: 3Tz, —.5?— 1/4 (after Melnicov 1982 a).
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We apply the decoupling (5) and (11) to KLM with quenched disorder. We
assnme that Tgen ~ T%, where T™ stands for Ty in a lattice.

1
< 2 3= exp (- HBIPN G + 0l = D)+

D [H [oen [ [ m{Alwﬂ,w,yﬂ,zDD

where A", vy, =3, , ¢4 [0;" — oH(y".2)] ¢2~3 ¥, [v*[* and the in-
verse GF for Popqv—FEdotov spin-fermions

Ga! = iwib, . — T Y9 (e + w1)Go(—iVi, )9 (a1 + w2)

Thus, we mapped KL problem with disorder onto effective one-site interacting
Kondo system conpled with external local replica-dependent magnetic field. To
take into account dynamical effects due to the Kondo scattering we include H
into bare spin-fermion GF [10].

1 =ym+t
Trin (G, ' — oH) = In(2cosh(3H)) +Trz

m=1

(GhaZ(y" )™
The effective action for KLM in one loop approximation is given by

H)] [y (2)

[ | 2 J
Aly®, H] = In (2 cosh(3H)) — 5 Z [1 — JII(if2,,.

The free energy and SG order parameter are determined by

1 [&]
p1.0) = 300 @ - ) - [ 1 (Fla..9)

1 } S HmF “ 2cosh(BH(y.2))
E{ﬁf)z{q:QJzﬂ: R 3(-', ))1‘ "sz ]_—JT_[{O,HE{;",Z}) {3}

In the vicinity of SG phase transition point Eq.(17) reads:

i=1- ey + 0 ()
o= [ o () ()

Taking the limit ¢ — 0 we estimate the temperature of SG transition (Tsq /Tog)? =
1—de/I(T2,/T*) — ... < 1, T8 =1, e~ 1.

We decouple the Kondo term in (1) by four component field T; = (v, ;) and
integrate over all conduction electrons

Ala, T] = Aglv] + A[®] 4 ZZ.'L., Vharrta (W)

agh}

gc:a]'-’ = dgat l( ] Oy =T Z Gile)wi (e + wi)vhi(e + WZJ}

We incorporate the "condensate”™ part of @* into bare GF of spin-fermions as a
loeal exterual effective magnetic field. As a result,

AD ] = _gz [_ — TI{0, ) ] S -2>") [— - (9, N)] YA()

5 Q0

2 . -3_-3
SAG, == T - TG ()]
i ij
New eqguations for AFM instability in KLM read:
3, aN? (BN
N (m | 1n (msh (T)) i ('J—A[.N.]) =10 (4)

where

SAN]=-1In [1 = Jp(0) In (mm[;:r 6—11) N

The equation (15) can be simplified in two limiting cases

7 Jp(0)
2(!0&;11(,3,:\4"]} l Z

iy #0

AN §  cosh®(BN/2) =
N = IapuZ tanh ( 9 ) o T cosh®(3N) |’ N
In()
BNY _ @ ! o
N=ILirnuZ [tﬁﬂh( 2 ) _ﬁ_N]—Jp(ﬂ}]n(EFN_j}] et

We estimate Ty /T ~ 1 —¢/In(Th/T*) < 1. A numerical solution of (15) and
modified Doniach [7,8.9] diagram are presented on Fig.2.

M.Kiselev and R.Oppermann, Phys.Rev.Lett 85, 5631 (2000)
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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 1o a second smaller Kondo resonance at the other focal point (right} even
though there is no cobalt atom there. {b) Meanwhile, 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 using an STM, the mutual interaction between them causes the Kondo
effect tovanish (data not shown).



Sample bias Imy)

Figure 1 Cetaction of the Konda resonance localized around a single Co atom on Cuid11).
a, Tunnel spectra (normalized di'dl} acouired over the Co atom for increasing lateral
displacement r (M, = 100 M2 at ¥ = 10mY). Inset, measurament geometry. b, 35-h
square topograph (VV = 5mV, / = 1nA) of an isolated Co atom (0.8-A-high central
bumpl e, difdlmap of the same area (average of ¥ = * SmV acquisitions,

V,. = 1mVrm.s., /= 1nd). Dark to light corresponds to increasing conductance.
Examples of the three types of data obtained in this experiment: (1) Topograph images (bj
were acquired with the scanning tunnelling microscope (ST operating in constant d.c.
current (I} mode, in which a closed feedback loop constantly adjusted tip height. (2)
Tunnal specira (@) were acquired by adding a small a.c. modulation ¥, {1 mVr.m.s. at
201 Hz) to the d.c. bias ¥, opening the feedback loop (hance, holding the tip motionless
with respect to the surface), and measuring didl versus ¥ through lock-in detection of
the a.c. component of the tunnel curent. Such specira wera essantially independent of
the tunnel junction impadance 5, determined by ¥4 before opening the feedback loop. (3
difdVimage maps (¢} were acquired simultaneously with associated topographs by
applying an a.c. modulation {typically 250wV to 1 mV r.mos. at 201 or 1007 Hz) at a
frequency exceeding the bandwidth of the feedhback loop, and recording the lock-in
detectad difdl {conductance map) along with tip height {iopograph) at fixed d.c. bias V¥
while the tip was scanned in closed-loop constant-f maode. Both kinds of differantial
conductance measurements constitute a probe of the local density of states under the
tip" 18

Figure 2 Elliptical electron rezonators. a, Eccentricity e = 1/2; b, & = 0.786.

¢, d. Comresponding topographs of the experimental realizations {3 = 71.3 A for hath
ellipses) employing Co atoms to corral two-dimensional electrons on Cul111).

e, f, di'dl maps acquired simultaneously with the corresponding topographs, tuned to
image the Kondo resonance. (V¥ = 10m\, V. = 250wV rms, | = Tnh for ¢ and e,
V=8my, I¥,. =1mVrmas., /= 1nAfordand f). Image dimensions are 150 A
square and 154 A square for the @ = 1/2 and & = 0.786 ellipses, respactivaly.

H.Manoharan et al, Nature 403, 512 (2002)
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Figure 3 Visualization of the quantum mirage. a, b, Topographs showing the e = 1/2 (a)
and & = 0.786 (b} ellipse each with a Co atom at the left focus. €, d, Associated didl
difference maps showing the Kondo effect projectad to the emplty right focus, resulting in
aCoatom mirage. e and f, Calculated eigenmodes at & {magnitude of the wavefunction is
plotted). When the interior Co atom is moved off focus (g and h, topographs), the mirags
vanishes (i and j, corresponding difdlf difference maps). Imaging conditions and
dimensions as in Fig. 2. We have assemblad over 20 elliptical resonators of varying size
increasad monatonically while gis fixed, the mirage is switchad on and off. In each period
of this awitching, the classical path length 24 changes by a half Farmi wavelength.

Because we alzo observe that two focal atoms, one on each focus, couple guite strongly
with one another (as judged by the perturbation of the Kondo resonance) these oscillatony
resuits may have a source akin to the BKKY (indirect exchangs) interaction™



Figure 1 a, Scanning electron microscope image showing top view of sample.
Three gate electrodes, the one on the right and the upper and lower ones on the
left, control the tunnel barriers betwesn reseroirs of two-dimensional electron
gas (at top and bottom ) and the droplet of electrons. The middle electrode on the
left iz used as a gate to change the energy of the droplet relative o the wwo-
dimensional electron gas. Scurce and drain contacts at the top and bottom are
nist showen. Although the lithographic dimensions of the confined region are
150 nm square, we estimate lateral depletion reduces the electron droplet to
dimensions of 100nm square. The gate pattern shown was deposited ontopof a
shallow heterostructure with the following layer sequence grown on top of a thick
undoped Gafs buffer: Snm AlysGaghs, 5x10%em™" 8 sdoping, Snm
Al 5Gay oAs, E-doping, 5nm Aly,Gag s, Snm Gads cap (HS, DG-Goand UM,
manuscript in preparation). Immediately before depositing the metal, we etched
off the Gads cap in the arsas where the gates would be deposited, 10 reduce
lzakage betwasn the gates and the electron gas. b, Schematic enargy diagram of
the artificial atom and its leads. The siuation shown corresponds to ¥V, < &1k,
forwhich the Fermi enengies in source and drain are nesrly equal, and to a value of
¥, near & conductance minimum between a pair of peaks correspanding to the
same spatial state. For this case there is an energy cost —U to add or remove an
electron. To place an extra electron in the lowest excited state costg —U + Ae

b

N, ground state
i+ axcntad




4 Quantum-dot devices

a b

(2) A guantum dot can be defined by applying voltages to the surrounding gate
glectrodes (yellow). The tunnelling between the dot and the external
glectrodes (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
qguantum state in the dot. The number of electrons and the energy levels are
tuned by the voltage on the lower-central gate. The puddie of electrons
[confined red region) is about 0.5 microns indiameter. (b) Quantum dots can
be placed in both arms of a two-slit interference device. Such a device has
been used to investigate whether this scattering destroys the interference
pattern. (¢ Three quantum dots that have been used to compare the Kondo
gffect for singlet, doublet and triplet spin-states.

5 Universal scaling
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{3} The conductance (y-axig) as afunction of the gate voltage, which changes
the number of electrons, N, confined in a guantum dot. When an even number
of electrons is trapped, the conductance decreases as the temperature is
Iowered from 1L K (orange) to 25 mi (light blue). This behaviour illustrates that
there iz no Kondo effect when N is even. The opposite temperature
dependence is observed for an odd number of electrons, i.e. whenthere iz a
Kondo effect. (b} The conductance for N + 1 electrons at three different fixed
gate voltages indicated by the coloured amows in (a). The Kondotemperature,
T, for thie different gate voltages can be calculated by fitting the theory tothe
data. {1 When the same data are replotted as a function of temperature
divided by the respective Kondo temperature, the different curves lie on top of
each ather, illustrating that electronic transport in the Konda regime is
described by a universal function that depends only on T/T,.

L.Kouwenhoven and L.Glazman, Physics World 35 (2001)
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[a) The Anderson model of a magnetic impurity assumes that it has just one electron level with energy e, below the Fermi energy of the metal {red). This level is
oocoupied by one spin-up electron (blue). Adding another electron is prohibited by the Coulomb energy, U, while it would cost at least | £, ] 1o remove the electron.
Being a quantum particle, the spin-up electron may tunnel out of the impurity site to briefly occupy a classically forbidden “virtual state” ocutside the impurity, and
then be replaced by an electron from the metal. This can effectively “flip” the spin of the impurity. (&) Many such events combine to produce the Kondo effect,
which leads to the appearance of an extra resonance at the Fermi energy. Since transport properties, such as conductance, are determined by electrons with
energies close tothe Fermi level, the extra rescnance can dramatically change the conductance.
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Resonant Tunneling Through Two Discrete Energy States

N.C. van der Vaart, S. F. Godijn, Y. V. Nazarov, C.J. P. M. Harmans, and J. E. Mooij
Department of Applied Physics, Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands

L. W. Molenkamp*
Philips Research Laboratories, 5600 JA Eidenhoven, The Netherlands

C.'T. Foxon'
Philips Research Laboratories, Redhill, Surrey RHISHA, United Kingdom
(Received 10 January 1995)

We observed new type of Lorentzian-shaped resonances in the current through two coupled quantum
dots with tunable barriers. We show that the resonances oceur 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. I-v curve of the double dot, showing sharp reso-
nances in the current when two 0D states line up.  Upper inset:
[-¥ curve of dot I. Lower inset: f-V curve of dot I[I. Both in-
sets show a suppression of the current at low voltages due to
the Coulomb blockade and a stepwise increase of the current
due to the discrete energy spectrum of the dot.
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FIG. 1. (a) SEM micrograph of the double dot with litho-
graphic dimensions of 320 x 320 nm? (left dot) and 280 =
280 nm* (right dot). (b} Schematic potential landscape of the
double quantum dot, where e and gy denote the electro-
chemical potentials of the left and right reservoirs and V' the
bias voltage across the double dot. The 0D states in dot 1 are
denoted by levels 1 to 5 and in dot II by levels « and 8.



FIG. 1. Parallel quantum dot.
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