Spin Detection and Manipulation
with SPM
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Single Spin Detection with SPM
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Electron Spin Resonance STM

Spin State in B field
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Electron Spin Resonance STM

Microwave absorption spectra
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Electron Spin Resonance STM

Use of ESR
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Electron Spin Resonance STM

Spin Echo: Measure T2




Electron Spin Resonance STM

Basic Instrument Setup
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Electron Spin Resonance STM

Basic Instrument Setup
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Appl. Phys. Lett. 80, 458(2002)



Electron Spin Resonance STM

Basic Instrument Setup

Inorganica Chimica Acta 361, 4089(2008)



Electron Spin Resonance STM

Basic Instrument Setup

BIAS VOLTAGE
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Electron Spin Resonance STM

RF preamplifier
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Electron Spin Resonance STM

RF preamplifier
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Electron Spin Resonance STM

Phase Sensitive Detection
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Electron Spin Resonance STM

Phase Sensitive Detection
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Electron Spin Resonance STM

History: First Paper by Manassen

VOLUME 62, NUMBER 21 PHYSICAL REVIEW LETTERS 22 MAY 1989

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

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

IBM Research Division, T. J. Watson Research Center, Yorktown Heights, New York 10598
(Received 12 December 1988)

The precession of individual spins on partially oxidized Si(111) surfaces has been detected using a
scanning tunneling microscope. The spin precession in a constant magnetic field induces a modulation in
the tunneling current at the Larmor frequency. This radio-frequency signal is shown to be localized over

N distances less than 10 A and follows the expected magnetic field dependence.



Electron Spin Resonance STM

History
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Electron Spin Resonance STM

History
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Electron Spin Resonance STM

History
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PRB 48, 4887(1993)



Electron Spin Resonance STM

History

Fe atoms on Silicon
PRB 61, 16223(2000)



Electron Spin Resonance STM

History

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

C. Durkan® and M. E. Welland
Nanoscale Science Laboratory, Department of Engineering, University of Cambridge, Trumpington Street,
Cambridge CB2 1PZ, United Kingdom
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FIG. 1. Schematic of the electronics used in STM-ESR.

BDPA on Graphite 10 nm

APL, 80, 458(2002)



Electron Spin Resonance STM
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Electron Spin Resonance STM

dy"/dH (arb. units)
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(a): Ultrathin film
(b): 0.1mM solution

DPPH on Au(111)



Electron Spin Resonance STM

ESN - STM signal
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Electron Spin Resonance STM

STM-ESR Mechanism:

Under investigation!

2 possible explanations:

(1) Spin-orbit interaction

Muzyrsky, et al. cond-matt/0201325 (2001)
Balatsky, et al. cond-matt/0112407 (2002)

(11) Temporal Spin-polarized current

Balatsky, et al. unpublished



Electron Spin Resonance STM

(1) Spin-orbit interaction

Energy of surface states (2D)
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Shortcoming: No strong spin-orbit interaction
in experiment (BDPA on HOPG)!



Electron Spin Resonance STM

(1) Temporal Spin-polarized current
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Electron Spin Resonance STM

A new method

week ending

PRL 113, 133001 (2014) PHYSICAL REVIEW LETTERS 26 SEPTEMBER 2014

Radio Frequency Scanning Tunneling Spectroscopy for Single-Molecule Spin Resonance

Stefan Mijllegger,” Stefano Tebi,' Amal K. Das,"" Wolfgang Schti[berger,2 Felix Fa:-;chinger,2 and Reinhold Koch'
Ynstitute of Semiconductor and Solid State Physics, Johannes Kepler University Linz, 4040 Linz, Austria
“Institute of Organic Chemistry, Johannes Kepler University Linz, 4040 Linz, Austria
(Received 3 July 2014; published 25 September 2014)

We probe nuclear and electron spins in a single molecule even beyond the electromagnetic dipole
selection rules, at readily accessible magnetic fields (few mT) and temperatures (5 K) by resonant radio-
frequency current from a scanning tunneling microscope. We achieve subnanometer spatial resolution
combined with single-spin sensitivity, representing a 10 orders of magnitude improvement compared to
existing magnetic resonance techniques. We demonstrate the successful resonant spectroscopy of the
complete manifold of nuclear and electronic magnetic transitions of up to A/, = £3 and AJ, = =12 of

N single quantum spins in a single molecule. Our method of resonant radio-frequency scanning tunneling
spectroscopy offers, atom-by-atom, unprecedented analytical power and spin control with an impact on
diverse fields of nanoscience and nanotechnology.



Electron Spin Resonance STM

A new method
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Electron Spin Resonance STM
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Electron Spin Resonance STM

A new method
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Electron Spin Resonance STM

A new method
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Electron Spin Resonance STM

Goals:
STM-ESR mechanism

Current and voltage dependence
Spatial dependence
Temperature dependence

Tip dependence

Spin-decoherence

Measurement-induced
Environmental

Spin-coupling/entanglement




Magnetic Resonance Force Microscope

1991: Basic principle proposed

Applied Physics Letters

5 molion Soniol 1%
Noninductive detection of single-proton magnetic resonance A aﬁ]'i';rtggggg;g %
J. A. Sidles

School of Medicine, Department of Orthopacdics RK 10, University of Washington, Scattle,
Washington 98195

(Received 23 January 1991; accepted for publication 22 April 1991)
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The presence of nuclear magnetic resonance can be detected noninductively by coupling the
nuclear spin to the motion of a mechanical oscillator. The coupling is obtained by \
applying a large-gradient magnetic field, which exerts a mechanical force on the particle by magnetic
virtue of its magnetic moment. The coupling increases in strength as the oscillator source
mass is decreased and the gradient length scale is made shorter. Oscillator-based detection is o +— flux lines
thus only marginally effective for macroscopic samples, but can be quite effective for Y T

single protons interacting with a micron-scale oscillator. This letter describes the physics of rotbrim'" substrate
devices in which single-nucleon magnetic resonance is detected by monitoring the M

excitation of a mechanical oscillator. T —

substrate motion
(~0.01 to ~1.0 A)




Magnetic Resonance Force Microscope

1993: First MRFM image obtained

Applied Physics Letters

First images from a magnetic resonance force microscope

O. Ziiger and D. Rugar®
IBM Research Division, Almaden Research Center, 650 Harry Roud, Sun Jose, California 95120

(Received 26 July 1993; accepted for publication 2 September 1993)

We describe a new magnetic resonance imaging technique based on the measurement of
magnetic force acting between a magnetic tip and the resonantly excited spins in the sample.
Magnetic resonance force maps of the sample are formed by scanning the tip with respect to the
sample while measuring the angstrom-scale vibration of a microcantilever holding the sample.
Real-space spin density information can be recovered from the force maps by using a simple
image reconstruction technique. The technique was demonstrated for electron spin resonance in
micrometer-size particles of diphenylpicrylhydrazil. Using a tip that generates a field gradient of
4.3 G/pm, a lateral resolution of 5 um, and an axial resolution of 1 um was achieved.
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Magnetic Resonance Force Microscope

1993: First MRFM image obtained
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Magnetic Resonance Force Microscope

1993: First MRFM image obtained
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Magnetic Resonance Force Microscope
2004: Detection of single electron spin

Nature

Single spin detection by magnetic

Microwave

- Interferometer coi
resonance force microscopy Q)r

D. Rugar, R. Budakian, H. J. Mamin & B. W. Chui

Magnetic tip

IBM Research Division, Almaden Research Center, 650 Harry Rd, San Jose,
California 95120, USA

Magnetic resonance imaging (MRI) is well known as a powerful
technique for visualizing subsurface structures with three-
dimensional spatial resolution. Pushing the resolution below
1 pm remains a major challenge, however, owing to the sensitivity
limitations of conventional inductive detection techniques. Cur-
rently, the smallest volume elements in an image must contain at
least 10'* nuclear spins for MRI-based microscopy’, or 10’




Magnetic Resonance Force Microscope

2004: Detection of single electron spin
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Magnetic Resonance Force Microscope

2004: Detection of single electron spin
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Magnetic Resonance Force Microscope

2009: 3D imaging resolution < 10nm

PNAS

Nanoscale magnetic resonance imaging

C. L. Degen®, M. Pogglo®®, H. ). Mamin®, C. T. Rettner®, and D. Rugar™"'

*BM Research Divislon, Almaden Research Center, 650 Harry Road, San Jose, CA 95120: and "Center for Probing the Nanoscale, Stanford University, 476
Lomita Mall, Stanford, CA 94305

Communicated by Stuart 5. P. Parkin, IBM Almaden Research Center, San Jose, CA, December 1, 2008 (receied for review August 21, 2008)

Laser
interferometer

Microwire




Magnetic Resonance Force Microscope

2009: 3D imaging resolution < 10nm




Electron Spin Resonance STM

Road Map
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by Ken Nakajima and Tadahiro Komeda



