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Quasi particle tunneling

Josephson effect = pair tunneling, dc, ac

Our ac Josephson spectroscopy (~30 years ago)
Proposal for a new ac Josephson UHV-LT-STS
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Single electron tunneling (quasi particle)
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FIG. 16. Measurement of the tunneling conductance between a supercon- NylEl< U=Uy>l,
ducting Al tip and a Cu(111) surface. {a) The conductance spectrum is shown NefF)
s

in red and the fit to the Maki equation is shown in blue. For comparison, a fit
at 0 mK is shown in green. (b) Zoom into the corners of the gap. The 0 mK
spectrum illustrates that the rounding of the comer is only due to an effective
thermal broadening. For comparison, the dotted spectra show a fit to the data . . : e i T _
for different effective temperatures demonstrating the sensitivity of the fit. mal bl'DrldE‘l'lll'Ig of the J't'lE'.d_‘sl]I'E'd CDI’IdLlCI.ﬂﬂCE E’I_}E:Ctrﬂ_ 15 ac

counted for by a convolution of the Maki equation with the

derivative of the Fermi-Dirac distribution of the metal sub-
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S-S junction
2A=35kgT-; UrmV
10 K <> 860 peV
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Abb. 33, Strom-Spannungs-Kennlinien eines Tunnelkontaktes h

AlALQ5-Pb, Registrierkurven. 1: T=10K;2: T=42K; 3:
T=1,64K;4: T=1,05K; beil,05 K ist auch das Al supra-
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Kondo-resonance on
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Coupled superconductors SIS, SNS
S _ S
i - %% | ¥ r |2 = p, Cooper pair density

b
] I
—1) | order parameter
L X | ‘PB Figure 1.5 Schematic of a Josephson junction. S,
e and S, are the left and right superconductors. Y; and
7z Y are the left and right pair wavefunctions.
with the Hamiltonian given by
We used : N = Au + rare earth

H=H, IR +3Cr You may use: I = molecule monolayer

where 3, =E,[L)(L| and I, =E, [R) (R| are relative to the unperturbed
states L) and |R). ’
Hor =K[IL)(R[+|R)(L|]
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dc -Josephson effect = pair tunneling
Overlap of | and Y. ¥ pair wave fct. leads to a tunnel current of Cooper pairs.
It’s a new particle with 2e , 2m and S=0 with Bose statistic.

¥ is one macroscopic wave fct for all Cooper pairs.*

//ﬁ
S. | s

| |
| !

* This leads to flux quantization and
Fresnel interference pattern

— not discussed today.

D, =hc/2e = 20107 G ecm?

L
!

e e v aanaa

men wir an, daB beide auf dem Potential Null sind. Die zeitabhingige
Schrodinger-Gleichung %oyt = Hiy auf beide Amplituden ahgewandt, er-
gibt ,

ay

38 i R
(38) i =hThy s iR R =RTY, .

Darin soll 4T die Elektronenpaarkopplung oder Transfer-Wechselwirkung
durch den Isolator beschreiben; 7 hat die Dimension einer Rate oder Fre-
quenz. Es ist ein MaRB fiir das Entweichen von Y, in das Gebiet 2 und um-
gekehrt. Falls der Isolator sehr dick ist, wird T Null und es existiert kein
Paar-Tunneln.

Joh=2T (p. pR)l/2

Der Strom von 1 nach 2 ist proportional zu an,/dt oder, was das gleiche
ist, proportional zu —gn,/df. Wir schlieBen daher aus (43), daf der Strom
] der supraleitenden Paare durch den Kontakt von der Phasendifferenz &

folgendermafen abhingt:

(47) J=1J]osin 8 =], sin (6, — 0,) ,

wobel [, proportional zur Transfer-Wechselwirkung T ist. Der Strom J,
ist der grifte Strom, der ohne Spannung durch die Kontaktschicht flieBen
kann. Ohne daB also eine Spannung angelegt wird, flief3t ein Gleichstrom
mit einem Wert zwischen J, und —], durch den Kontakt, je nachdem wie
groB} die Phasendifferenz 6, — 6, ist. Das ist der Gleichstrom-Josephson-

Effekt (Bild 24).

Freie Universitiat Berlin

FKF-MPG 20.Nov.2013 ),



Tunnel junction + voltage = ac Josephson effect

Wechselstrom-Josephson-Effekt. Uber den Kontakt sei die Spannung V ange -
legt. Dies ist moglich, da die Kontaktschicht ja ein Isolator ist. Ein Elek- Sl SZ
tronenpaar, das den Kontakt durchquert, spiirt die Potentialdifferenz ¢V,

wobei g =—2¢. Wir kOnnen sagen, dafl ein Paar auf der einen Seite die po-
tentielle Energie —¢V und ein Paar auf der anderen Seite die potentielle En- h a)

ergie ¢V hat. Die Bewegungsgleichungen, die wir jetzt anstelle von (38)
schreiben miissen, sind

(48) it o, /ot = AT — eV, ; ih aglat = HTY, -- eV, .

0(6, —6,)/ot =—2eV /h

~

7 f Spannung

J=J, sin(A®-2eVt/h)
hv = 2eV
483.6 MHz & 1uV

Strom-Spannungscharakteristik einer Josephson-Verbindung. Ohne angelegte Spannung
fliefen Gleichstrome bis zu einem kritischen Strom der Stirke i.: Das ist der DC-
Josephsoneffekt. Bei Spannungen iiber ¥, hat die Verbindung einen bestimmten Wider-
stand, der Strom hat jedoch einen oszillierenden Anteil mit der Frequenz cw = 2eV/f:
Das ist der AC-Josephsoneffekt.
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Our ac Josephson spectroscopy

VOLUME 53, NUMBER 1 PHYSICAL REVIEW LETTERS 2 JuLy 1984

ESR in Situ with a Josephson Tunnel Junction J h ff t
K. Baberschke and K. D. Bures aC_ Osep Son e eC

Institut fiir Atom- und Festkdrperphysik, Freie Universitat Berlin, D-1000 Berlin 33, Federal Republic of Germany

as MW-generator

S. E. Barnes

Physics Department, Um; lr}'{(’;f:}v eo({ ' ;‘/fg}; :;r li'l g;igai Gables, Florida 33124 an d Curr e nt a S d e t e C t 0 r

The in situ electron-spin resonance of a voltage-biased NbAuNb Josephson junction is re-
ported. The Au barrier is doped with Gd or '*"Er ions. Sharp resonances appear in the -V
curves at frequencies equivalent to the crystal-field splitting of AuGd (1.0 and 1.7 GHz) and
to the hyperfine splitting of Au'"Er (2.87 GHz). The principle of this new type of
ESR-Josephson-junction spectrometer, as well as its application, is discussed.

GO | =

We worked with a tip and film thickness
ofrandd of few um, R=0.5Q o

mogz_/ F"shunt 7
= 2ma

v

Precision
Nanovolt
DC-Amplifier

Pb-shield

superconductor
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Simulation

Proof for a good Josephson junction:

Fraundofer diffraction pattern:

=~ cos (nd/D,)
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Rf-driven Junctions
Shapiro steps
Photon-assisted tunneling

(mA) _ 198/
- Shapiro ¥

steps
LA R

L2 F

L0t For ac Jospheson effects

38 b see standard literature

T _' 6
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| ' P. G. de Genne 1964
| M. Tinkham 1996
A. Barone 1982

N

magnetic
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| rya I L
ff—
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Fig. 1. Two resonances of AuGd (1000 ppm) (lower recorder
trace). Resonances and additional Shapir_o steps (upper trace).
Equivalent circuit of the Josephson junction (lower insert).
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Gd*t = 8S,, => 25+1 =8
Crystal field splitting

I§=1fz> Abb.3.10

cubic or lower symmetry
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Proposal for new ac Josephson UHV-LT-STS
Fe’* S=5/2

F i

Molecular monolayer
and superconducting

tip and substrate crystal,
e.g. Pb.

d
05eV T Bilde. — B (da_2)
Fe3t or Fe?" —<
HS or LS, \
finally there will be '=" F; 2y .' Arg(d,2)
some ZFS within 5 1 T—
. 2=:-. X )
the (2S+1) manifold s
—_— '-,'. ’ 2g Uy
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3d"-energy scheme and magnetism of the Fe-ion

Fe 3+,2+
S=5/2,3/2,1/2
S=2,1,0
dx -y k) d:.;'.}.r
@ ___ (b) (C)
: ~500 meV
3d" |
_'. _:'
_11,,_1_“ dxzd.:r.z d:zdyz
OE- Dh D-m 03 On D4h

Dramatic change of ligand field
upon

coadsorption of oxygen.
Gambardella et al. 2009,

Bernien et al. 2009

Unperturbed e, t,, eigenstates
are no good.
“zero field splitting” = CEF
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Hs = BH(g, cos 8S, + g, sin 0S) + D(S.2 — 3S(S + 1)) (4.10)
with S = 3;

where, as above, A is applied at an angle 0 to the z

axis in the zx plane.

Fiir einen 3d1 Zustand mit MXg Liganden ist die Energieaufspaltung in tetragonaler

The operator S,? is diagonal, so in zero magnetic field it is easy to
see that the eigenvalues of Equation 4.10 are

Symmetrie wie folgt gegeben: = B
dy . W ="%to Eis=<+D (4.11)
_‘:‘;,.—.}["'l: + =) = ¥y, ia tha e~ £213 10t . ¢ A+ e -
3 Zero field splitting:
ey L For Cr* => $=3/2, in ALO
| > 23
free cubic tetragonal 5 B el e ~— 2
ion field field e
Fig. 3-4 Splitting of the *D term by a tetr 3 — - FOI- Fe3+ => S:5/2
3) Berechnen Sie filr den Grundzustand I - \ | L. .
e % Splitting in E_ ,, E.;,,E.5)
Vz- = {2} {lz - Fig. 4.1. ‘Symmetrical’ energy Icvprs for the system § = -}_lin axial
crystal field. The m??fg:'ﬁ?[fﬁi;ﬁg‘l}?:&“;:: angle cos™! (1/+/3) AE —

die Beimischung der angeregten Zustindedure .~~~
Spinzustinde einzufiihren sind (zweckmiBig a|2-> und B|2-> fiir Spin "up" and "down")
2P

4.) Gerechnen Sie fiir den in U3 gefundenen neuen Grundzustand die anisotropen g-Faktoren
gz, gx=gy durch "Einschalten” der Zeeman Ww: pp(L+g.S)H 3P

o mramanarad e tha miseac

2D, 4D
Range 5 to 40 GHz, Bittl paper
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Fiir einen 3d1 Zustand mit MXg Liganden ist die Energieaufspaltung in tetragonaler
Symmetrie wie folgt gegeben:

dy vo -¥ The orbital moment is quenched
o3 0+ =, in cubic symmetry
L;*S;
:. 2-1L,12-y=0,

1
— Ehhl + da7l) = ¥,
E _:2 {*ﬁ:? _ 1":'2) - 'l.i“_ Li o S;
free cubic tetragonal AL*S
ion field field

but not for tetragonal symmetry

Fig. 3-4 Splitting of the 2D term by a tetragonally distorted cubie field.

3) Berechnen Sie fiir den Grundzustand

vi- = (2" 2> 425} = p->

die Beimischung der angeregten Zustinde durch AL-8 und beachten Sie dabei, daB auch
Spinzustinde einzufithren sind (zweckmiBig a)2-> und B|2-> fiar Spin "up” and "down")
(2F)

4.) Gerechnen Sie fiir den in U3 gefundenen neuen Grundzustand die anisotropen g-Faktoren
gz, @x=gy durch "Einschalten” der Zeeman Ww: pa,(k+g,,5}ﬂ 3P
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Magnetic Anisotropy Energy (MAE) and anisotropic p,

1. Magnetic anisotropy energy = f(T) g” -0, = geK(A L'AH)

2. Anisotropic magnetic moment # f(T) anisotropic y1, <> MAE

[111] I
' i D=—& A
o 0. J
& 300/ <
— ' [100]
: MAE Cis Aw,  Bruno (‘89
100}~ * dug N i (68)
0
0

Orbital magnetic moments are small, but all important

K. Baberschke, Lecture Notes in Physics, Springer 580, 27 (2001)
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Fluctuation Dominated Josephson Tunneling with a Scanning Tunneling Microscope

O. Naaman, W. Teizer, and R. C. Dynes*

Department of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla, California 92093-0319
(Received 9 March 2001; published 14 August 2001)

We demonstrate Josephson tunneling in vacuum tunnel junctions formed between a superconducting
scanning tunneling microscope tip and a Pb film, for junction resistances in the range 50—300 k(.
We show that the superconducting phase dynamics is dominated by thermal fluctuations, and that the
Josephson current appears as a peak centered at small finite voltage. In the presence of microwave fields
( f = 15.0 GHz) the peak decreases in magnitude and shifts to higher voltages with increasing rf power,

ing tips have been demonstrated in the past [2], all STM
studies so far have been performed using normal-metal
tips. thus probing only the single-particle excitation spec-
trum, the gap structure which is a consequence of su-
perconductivity, but not the superconducting (SC) ground
state itself. Results from STM measurements of HT'SC

resistances of 50—-300 k{1, and demonstrate that this is due
to Cooper pair tunneling by considering both the dc and ac
Josephson effects in the presence of strong thermal fluctu-

Pb 5000A Ag 30A

Freie Universitiat Berlin FKF-MPG 20.Nov.2013 (g5,



PHYSICAL REVIEW B 74, 132501 (2006)

Subgap structure in asymmetric superconducting tunnel junctions

Markus Ternes,'-* Wolf-Dieter Schneider,! Juan-Carlos Cuevas,? Christopher P. Lutz,’
Cyrus F. Hirjibehedin,” and Andreas J. Heinrich®
Unstitut de Physique des Nanostructures, Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland
*Institut fiir Theoretische Festkiirperphysik, Universitiit Karlsruhe, D-76128 Karlsruhe, Germany
*IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120, USA
(Received 13 September 2005: published 2 October 2006)
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100V ~ 48 GHz
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Tunneling Voltage ¥ [V

FIG. 1. (Color online) d1/dV spectra observed at (.56 K be-
tween a superconducting sample and tip with nearly equal gaps
(A)=147 meV, A;=1.27 meV) showing Andreev reflections for
different junction resistances. All spectra are normalized by R. The
peak evolving at V=0 is due to the Josephson supercurrent. The
dotted lines are a gmde for the eye marking characteristic teatures
in the spectra. The spectra are shifted vertically with respect to each
other for better visibility.
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Magnetic Anisotropy

Anisotropy at a surface

» Free atomic spin is rotationally invariant:
all spin orientations are degenerate.

» Loss of rotational symmetry breaks
degeneracy of spin orientations.

H =—gu,B-S+ DS’

E

Magnetic field dependence varnes with angle of magnetic field.

iZvrus F, Hiribehedin, Chiung-vuan Lin, Alexander F. Otte, Markus Ternes, Christopher P, Lutz, Barbara A, Jones,
and Andreas 1. Heinrich, "Large Magnetic Anisotropy of a Single Atomic Spin Embedded in a Surface Molecular
Metworl," Science 317, 1199 (2007).

variable frequencies 0.5 — 50 GHz are needed to measure
CFS with and without magnetic fields

Freie Universitit Berlin FKF-MPG 20.Nov.2013 , »,
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PRL 103, 107203 (2009)

Spin Excitations of a Kondo-Screened Atom Coupled to a Second Magnetic Atom

A.F. Otte,"** M. Temnes,'~ S. Loth,"* C.P. Lutz,' C.F. Hirjibehedin,'” and A. J. Heinrich'~’
'IBM Research Division, Almaden Research Center. San Jose, California 95120, USA
EK:::nerEEth Onnes Laboratorium, Universiteit Leiden, 2300 RA Leiden, The Netherlands
*Max-Planck-Institut fiir Festkéirperforschung, Heisenbergstrasse 1, 70569 Stuttgart, Genmany
‘Department of Physics, University of Califomia at Berkeley, Berkeley, California 94720, USA
*London Centre for Nanotechnology, Departiment of Physics and Astronomy, Department of Chemistry, University College London,

PRL 103, 107203 (2009) PHYSICAL REVIEW LETTERS 4 SEPTEMBER 2009

G — g§Fe) , §(Co) _ B (2e 8T + g, 81

+ DR 8F) § Ep (§20F0) — §2F0) 4 p §20C) (1) ﬂ...,.._:. e

. . . . .h""‘"""-lm-. iiiiiiiii e “
The first term represents an isotropic Heisenberg coupling ...
between the spins §'™' on the Fe atom and §'“”’ on the Co e S Tty
atom, quantified by the Heisenberg exchange coupling ..
strength J. According to this definition, positive values of :I:m-mr M.‘
J signify antiferromagnetic coupling. The second term =] II’
oives the Zeeman energies resulting from the external E

magnetic field B, where pp denotes the Bohr magneton
and gp. and ge, the g factors of the Fe and Co spins, B lf

respectively.
Iu{_D.UJ: M“XNT I*
10 Ii‘

The remaining terms in Eq. (1) represent the magneto-
| L |
a1 Fe: |+2 ¥-2
P go: fmassyraz Fmosty a2

crystalline anisotropies experienced by each of the spins,

guantified by the uniaxial anisotropy parameters Dy, and

D¢, and the transverse anisotropy parameter Eg.. All

parameters in this spin Hamiltonian except J have been

measured previously on the comresponding isolated atoms. .
The choice of spin magnitudes, Sg. = 2 and S¢, = 3/2, prt e
the assignment of the axes in the anisotropy terms, and the
absence of transverse anisotropy for Co are based on
previous studies of the isolated atoms on the same surface

[10,17].

0 1 2 3 4 5 & 7
Field (T)

FIG. 3 (color). Small dots: lowest 12 eigenvalues of Eq. (1)
with  J=013meV, gg=211, g, =216, Dy =

Diagonalization of the spin Hamiltonian gives a system
of 20 eigenstates with corresponding eigenenergies [24].

Freie Universitit Berlin-

—1.53 meV, Eg, = 0.31 meV and D, = 270 meV for B =10
to 7 T in increments of (L1 T along x. Color indicates the values
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Alexander Schnegg et al.Phys. Chem. Chem. Phys., 11, 6820

(2009)
Frequency domain Fourier transform THz-EPR on single

molecule magnets using coherent synchrotron radiation

= ~ e ) ¢ & it
= ¢ b @

._H.’l!l . Tffff? o ¥ & o
~.} ;:_;m; [ J T
uasi oplical L
:.-Ir;lnmzsinn B T
ine P —— i
- — B0 ns — - !g
S | | g
=t T ; -4 IE
= : =
| E g 10 12 14 IE 18
BESSY N storage ring fow o THz pulse-pat tar energy | om”
Frequency domain Fourier tra m‘ﬂ ctron paramagnetic resonance
(FD-FT THZ-EPR) w ynchrotron radiation (CSR) is presented
as a novel tool .. SY II storage ring ... in a frequency range from
S5cmlupto40c ... together with first measurements on the SMM Mn ,Ac

where AMg = +£1 spin transition was studied ....
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STS in a superconducting junction and the ac-Josephson effect:
A new type of spectroscopy.
Klaus Baberschke
Institut fiir Experimentalphysik, Freie Universitéit Berlin,

Amimallee 14, D-14195 Berlin, Germany
www.physik.fu-berlin.de/~bab

In the past a voltage biased point contact of an SIS junction has been used to create an
electromagnetic ac-field in the junction, 1. e. the ac-Josephson effect. The linear relation
between voltage and frequency hv = 2eV; provides a wide range of frequencies. between
~10° — 10" Hz. The dissipation of energy in the tunnel junction can be detected in the
[-V curve /1/. We propose to combine this with today’s LT-STM spectroscopy between
a superconducting tip and substrate. This will be a combination of early days point
contact spectroscopy with today’s STM of atomic resolution. It will open a new field of
spectroscopy to investigate atoms. molecules, or single molecular magnets adsorbed on
a surface. In the past. inelastic quasi-particle tunnelling spectroscopy was used mostly
e.gz. M. Ternes et al./2/. Here we propose to generate an electromagnetic ac-field. This
can be used to measure, the low energy excitations of the crystal field splitting of

magnetic ions, see for example Fig. 3 in /3/.
/1/ K. Baberschke et al. Phys. Rev. Lett. 53, 98 (1984).
/2/ M. Ternes et al. Phys. Rev. B 74, 132501 (2006).
/3/ A. F. Otte et al. Phys. Rev. Lett. 103, 107203 (2009)
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