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Introduction

e Manassen experiments (1989, 2000)
Also Cambridge Group, Durkan et al, 2001
e Spin precession STM

e Conclusion and predictions/extensions.



Not a direct
Spin
measurement
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Experimental setup
Energy scales of the

Problem:

o W T T B= 100-300 Gauss
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FIG. 1. Experimental setup for the electron spin precession
STM. In the applied magnetic field B, spin of the magnetic

of the tunnel current.
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VOLUME 62, WUMBER 21 riysiCAL REVIEW LETTERS 22 Maxy 1989

Diirect Observation of the Precession of Individual Paramagnetic Spins
on Oxidized Silicon Surfaces

Y. Manassen, B, I. Hamers, J. E. Demuth, and A, J. Castellano, Jr.

TBM Research Division, T. J. Waison Research Center, Yorktown Heighis, New York 10508
(Received 12 Decermber 1982)

The precession of individual sping o partially oxidized Sal111F surfaces has been detected using a
scanning tunncling microscope. The spin precession in a constant magnetic field induces a modulation in
the tunmeling current at the Larmor frequency. This radio-frequency signal is shown o be localized over
distances less than 10 A and follows the expected magnetic field dependence.

Nodal structure of the signal?
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FIG, 1. (al Consecutive of power spectra of the tunneling
current, measured at different lateral separations of the up
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FIG. 5. Plot of the center frequancy of STM-ESR peaks on clustas as a
function of the appliad magnatic feld. From this, we obiain a valuz of

FIG. 3, STM-ESR spactra of (a), (hi two different areas (a faw nm aparty of
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APPLIED PHYSICS LETTERS

VOLUME 8. NUMBER 3 21 JANUARY 2002

Electronic spin detection in molecules using scanning-tunneling-
microscopy-assisted electron-spin resonance

C. Durkan™ and M. E. Welland

Nanascale Science Labavatory, Department of Engineering, Uniiversity of Cambvidge, Trimpington Street,

Cambwidge CH2 1P, United Kingdom
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Noise spectroscopy of spin
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Cantielever noise in MRFM set up.

Thermally induced noise can be used to measure Temperature, Q and
eigenfrequency of resonator without ever driving it, just monitoring the
noise.
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_ Magnetic resonance in the Faraday-rotation noise
spectrum :

E. B. Aleksandrov and V. S. Zapasskil

[Submitted 23 January 19E1)
Zh. Eksp. Teor, Fiz. 81, 132-138 (Tuly 1981]

A maximum at the magnetic resonance frequency of sodium atoms in the ground state is observed near the
5896 A absorption line in the fluctuation spectrum of the azimuth of the polarization plane of light crossing a
magnetic field in sodium vapor. The experiment is a demonstration of a new EPR method which does not
require in principle magnetic polarization of the investigated medium, nor the use of high-frequency or
microwave fields to induce the resonance.

PACS numbers: 32.30.J¢, 3280, — ¢, 0758, + g 35.80. 4+ s
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FIG. 1. Diagram of experimental setup. 1) Helmholtz coils,
2) balance polarimeter, 3) laser beam, 4) Glan prism, 5) cell : :
., 741.3 MHz am ifier, 8) de- FIG. 2. Plots of EPR signal in Faraday-rotation noise: g—
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VOLUME 55, NUMBER 17 PHYSICAL REVIEW LETTERS 21 OCTOBER 1985

Nuclear-Spin Noise

Tycho Sleator and Erwin L. Hahn
Department of Physics, University of California, Berkeley, California 94720

and

Claude Hilbert and John Clarke

In his pioneering paper' on nuclear induction, Bloch
noted that in the absence of any external radiofrequency
(rf) driving field a sample of N spins of magnetic moment

from the **CI nuclei in NaClO; at the nuclear quadrupole
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tage fluctuations proportional to N'/%u. In this Letter, | i | Anatyzer
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FIG. 3. Spectral density of (a) noise current for a NaClO,
sample with saturated spins ( T; = = ), and (b) nuclear-spin noise
of NaCl0O,; sample obtained rom (a).



S{w) (arb. units)

1 (arb. units)

VOLUME 68, NUMBER 20 PHYSICAL REVIEW LETTERS

18 May 1992

Macroscopic Quantum Tunneling in Magnetic Proteins

D. D. Awschalom," J. F. Smyth,""’ G. Grinstein,'”’ D. P. DiVincenzo,” and D. Loss'?

") Department of Physics, University of California, Santa Barbara, California 93106
“WIBM Research Division, IBM T. J. Watson Research Center, P.O. Box 218, Yorkiown Heights, New York 10598
(Received 13 February 1992)

We report low-temperature measurements of the frequency-dependent magnetic noise and magnetic
susceptibility of nanometer-scale antiferromagnetic horse-spleen lerritin particles, using an integrated dc
SQUID microsusceptometer. A sharply defined resonance near 1| MHz develops below T—0.2 K. The
behavior of this resonance as a function of temperature, applied magnetic field, and particle concentra-
tion indicates that it results from macroscopic quantum tunneling of the Néel vector of the antifer-
romagnets.

. Time dependent magnetic field
As picked up by SQUID—
| Another example of noise spectroscopy
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Another example of noise spectroscopy

VOLUME 84, NUMBER 23 PHY STCAL

REVIEW LETTERS 5 JUNE 2000

Spontaneous Noise Spectroscopy of an Atomic Magnetic Resonance

Takahisa Mitsui
Department of Physics, Keio University School of Medicine, 4-1-1 Hivoshi, Yokohama, Kanagawa 223-8521, Japan
“hu.l'l.kd 14 IL‘u.}"l.kI'I'Il""-.l [9949)

We have experimentally demonstrated a new tvpe of noise spectroscopy. which requires neither ampli-

tude nor frequency noise of the light source.
the optical magnetic resonance of Rb atoms.

A highly stabilized diode laser provides low-noise light for
The laser light transmitted through the Bb vapor contains

significant intensity fluctuations whose power spectrum has a distinet peak at the Larmor frequency. The
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FIG. 1. (a) Optical system. (b) A four-level svstem. together
with the laser excitation and the Larmor precession. The excited
levels are represented by a single state, assuming the collisions
mix them in the high pressure buffer gas. (c) The same four-
level system 1s described in terms of a normalized m: netic
moment M ., when the excited state populations are negligible. It
precesses around the magnetic field at the Larmor frequency.

Photocurrent modulation
due to precessing spin
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FIG. 3. The observed intensity noise spectra for various mag-
nitudes of the magnetic hield. The resolution bandwidth of the
spectrum analyzer is 30 kHz.



We believe that similar noise spectroscopy 1s
what 1s measured in STM on single/few spins
experiments



Noise Spectroscopy

Consider the signal S (magnetization, charge...)

coming from an ensemble of two level systems:
S(t)=2,s,(¢),1=1...N.

Autocorrelation function

(SOS()) = X5, ()5, () + X 5,05, (¢) =

£

i=1 ---N

(S()S(t')) = NA(r—")+ N(N —1)B(t ')
or in Fourier space :
(S,S_,)=NA(w)+ N(N -1)B(w)
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Relevant time scales

Precession frequency 500 MHz,

T =2ns

precession

linewidth ¥ ~0.1-1 MHz
J=0.1eV,U=4¢eV
Electron tunneling rate, [ =1nA

1/7,=10" Hz = About N = 20 eletrons per cycle

\/ﬁ = 4 1s a net effective spin polarization

Imagine we have a situation of one electron per cycle. Even if there
1S no net spin polarization, there is a fluctuating temporal polarization
on a time scale relevant for spectrum at Larmor frequency!

Truly a noise spectrocsopy!



Temporal spin polarization of tunneling electrons

Tunneling current
electrons
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H = ch C,. +ZC‘RG Co, +C, |1, +1,JSO,__ ]Cp..

tO — eXp(_U)a
t,=J/Uexp(-U)
t 1/t 0~ J/U magnitude of modulation

T Modulation of tunneling barrier
by JS/U due to exchange interaction

R (sample)
Localized spin S(t)



Noise spectroscopy of a single spin with spin polarized STM Cond-mat/ 0301032.
Z. Nussinov!, M. F. Crommie®?, and A. V. Balatsky! PRB: 20039 to be pub

Y tip 7(t) ~ JS.(6)[cy, 0. ()¢, —hc] = IS, ()] 4,(0)

Y S

polarized tunneling current I
(LO1()) = T (S (OS.(EWN Lgn OL.g,,, (1))
(I (@)~ [d(S* (0= Q)Y 725 (Q))
(P25 (Q)) ~ 45(Q), <I ° (a))> ~ A<S 2 (a))>

<I - pin (D - 5 (¢ ')> e 4 Current dynamics reflects the spin
Dynamics: S/N ~ 1




1/1 spin noise and noise
Spectroscopy

Basic 1dea 1s that we do not have a steady spin polarization of tunneling
Spins. Polaization long enough on the scale of precessing S spin

1s sufficient. Assume spin current out of the tip has 1/f spectrum.

if one has a paramagnetic center (say easy axis)

on the tip then tunneling electrons will acquire a time dependent spin

polarization. AVB and Manassen
In progress

I(t)~ S, (o, () —>1, ~ [de$, ,, 0,

and similar for dispersion

(IP0)~ j d,S? 100,00, ~ J\ /\

]/max
Y o + (0 — @, ) Cond electron S peak w
peak




1/f noise 1n unpolarized STM
current

Spatial variation of 1/f current noise in scanning tunneling microscopes

K. Maeda, 5. Sugita, H. Kurita, M. Uota, 5. Uchida, M. Hinomaru, and Y. Mera

Dvpuarirment o Apglied Phosics, The Universiee of Tokve Hongo, Bunkvoskn, Tk 1130 fapan

[Received % August 1993 accepied 24 December [993) "

s

5 CAYHZ)

||'\.]'| e e
i i 102

FiHz)

Thermal noise in vacuum scanning tunneling microscopy at zero bias voltage

R. Maller, A. Esslinger, and B. Koslowski

Sekrion Physik, Universisdt Mignchen, Schellingstrdsse 4, 5000 Munich 40, Federal Republic af Germany
Currant Moise Spechrum

{ Received 10 July 1989; accepted | Auguse 1989)
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Exchange Based Noise Spectroscopy of a Single Precessing Spin with STM

A. V. Balatsky!, Yishay Manassen? and Ran Salem?
YT heoretical Division, Los Alamos National Laboratory, Los Alamos, New Mezxico 87545,
? "r}"}"‘-' rtment f".."" J'I]"I-'.-'s'-‘”'-"-'* and the [lse Katz Center _,I".-J,r- Nanometer Scale Science and f;"'r-.--.".-.-,-.-J;',_-.-;_{J.-‘
Ben Gurion |1 r.'.i'.-'."f'.".‘\.'.'l..',.'. Beer Sheva, -"""-jll"f,".i, [srael
(Dated: April 10, 2002)

[ESR-STM is an emerging technique which is capable of detecting the precession of a single spin.
we discuss a mechanism based on a direct exchange coupling between the tunneling electrons and
the local precessing spin 8. We claim that since the number of tunneling electrons in a single
precessing period is small (~ 20} one may expect a net temporary polarization within this period
which will couple via exchange interaction to the localized spin. This coupling will modulate the
tunneling barrier with the Larmor frequency of the precessing spin wp. This modulation although
randomly changing from cvele to eyele, will produce an elavated noise in the current at wr. We find
that for relevant values of parameters signal to noise ratio in the spectral characteristic is 2-4 and
is comparable to the reported signal to noise ratio [1, 2]. The magnitude of the current fluctnation
is a relatively weak increaing function of the DC current and the magnetic field. The linewidth
produced by the back action effect of tunneling electrons on the precessing spin is also discussed.

Tunneling barier height 1s modulated due to Phil Mag B82

exchange J b 1291, (2002);

1)~ 25" (00" (0) + (x = ). linewidih 7 ~ (3] < 1agzzz PRB, 66, 195316
e o X W ~—7| — | ~ 7
U r 7~ \U (2003) .

(&

(IPo) 1 Js

= 2.2-10
(U)



Potential applications of
ESP-STM

* Emergent technique for detection of magnetic defects

* Fully capable of single spin detection. Quantum computing.
» General sample characterization. Surface science.

*Study the dynamics of the Kondo spin: temperature evolution
of the ESP line ( above and below Tk)

*Potential for a new imaging technique ( similar to MRI)



spectrum 4
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frequency

Line shifts because of spin renormalization
Due to Kondo effect?? A possibility.

ESR STM allows to address the Kondo dynamics
directly.



Quantum wire or dot with spins

VOLUME 89, NUMBER 28 PHYSICAL REVIEW LETTERS 31 DECEMBER 2002

Quantum Electronic Transport through a Precessing Spin PRL’ v 89

Jian-Xin Zhu and A.V. Balatsky 2868029(2002)

Imagine single wire or single dot with spins geometry. SO
coupling will produce a modulation in the conductivity of

this wire. We also find twice Larmor frequency signal
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Zhu et al, Cond mat 0306710
Josephson effect and single spin

H=H; +Hp+ Hy Here = Eknp]n“kiplfk[p]a‘“kiplﬂ

5" [Toor(k.p)e), cpa + Hel T = Tydyo + T1S(E) - T

k. pior e



Integrable equations of motion

dn dn L oL -
P an X s sinwj t+ gupn x B S(smf cos @, sinf sin o, cost)
d ¢ . : T
k.p kLip ( k + p — €V ]‘ {'{T 1 1+ {12 HillQ (Lu‘,_ﬁ) ?
B 1 ] 6 A T
' 7 — = —a—sinfsinw t .
(Ex + Ep +eV)? dt dt /
H(t) = — “L _tan” [\ 1+ a? tan(wt)]
wiv 1+ a?
- (1= ccos(wit))(1+¢)]’ N — —virr 1D e
O(t) = 2tan ! (_ ccos(wy J)(_ JH_) : ) = —awr/2wgc
(L +ccos(wyt))(1l—¢c)|



Nutation of a spin due to Josephson

current 1 m\ /Y\ /‘

=
o 2m

Larmor precession in XY plane +
oscillations in polar direction o5t ;
With Josephson frequency.

-0.7

i JL



Conclusion

« STM can be used as a tool to detect a single spin
signal.

e Spin polarized tunneling allows one to detect
dynamics of a single spin with S/N ~ 1.

 1/f spin noise in the tunneling current allows to
couple to the spin dynamics with
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