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Top-down Bottom-up

Address individual structure
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Quantum vs. Classical C Q
Atomic-scale control
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Quantum or Classic: that is the question
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Quantum or classic

Spin excitations in STM 
Science (2004) 

Quantum spins:

A quantum antiferromagnet
Science (2006)

Classical spins:

The smallest classical antiferromagnet

Science (2012) 
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Thin decoupling layer

Non-magnetic tip

Non-magnetic sample

Scanning Tunneling Microscopy of Spins

Magnetic atom
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Imaging with STM: Mn, Cu, and Fe on Cu2N

 Isolated magnetic atoms on patches of Cu2N on Cu(100)

 Atoms are hard to distinguish

Cu2N on Cu(100)
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Thin decoupling layer

Non-magnetic tip

Non-magnetic sample

Spin excitation spectroscopy

Magnetic atom

EZ = gμBB

B

E

B
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Mn on Cu2N: An almost pure spin

Mn atom on CuN exhibits magnetic behavior:

 spin-flip excitation in S = 5/2 system

 small amount of zero-field splitting
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5.5 kBT

Conservation of energy: inelastic spectroscopy
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Conservation of spin-angular momentum
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Classical magnets in spintronics

 Tunnel junctions show Tunneling Magneto Resistance.

 TMR can be used to electrically switch nanomagnets.
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Ø ~ 100nm

Cu

Magnet 1

Magnet 2
insulator

current

J.S. Moodera, et al. PRL (1995)

Cu
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STM as a magnetic imaging tool

 Tunnel junctions show Tunneling Magneto Resistance

 Similar mechanism works on the atomic scale in STM
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Ø ~ 100nm

Cu
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current

60 ML Dy(0001) with spin-polarized tip

Berbil-Bautista, Phys. Rev. Lett. (2007)
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Quantum or classic

Spin excitations in STM 
Science (2004) 

Quantum spins:

A quantum antiferromagnet
Science (2006)

Classical spins:

The smallest classical antiferromagnet

Science (2012) 
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Cu

Fe
Mn

Mn
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Pick up atom

Atom manipulation on Cu2N

 Move tip in

 Apply 2.0V

 Pull tip back
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Mn

Cu

Fe
Mn

Mn
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Pick up atom

Atom manipulation on Cu2N

Drop off

 Move tip in

 Apply -0.5V

 Pull tip back
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Spin-excitation spectroscopy of Mn chains
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Strong spin-coupling in Mn-N-Mn dimers

 Dimer has no zero-bias 

feature

-10 -5 0 5 10
0.0

0.5

1.0

1.5

2.0

B=7T

B=4T

 

 

d
I/
d

V
 (

a
.u

.)

Voltage (mV)

B=0T

1nm
Mn

Mn dimer

Dimer

Monomer

N

Cu

Mn Mn



© 2013 IBM CorporationHeinrich | STM of spins at surfaces 17

Strong spin-coupling in Mn-N-Mn dimers

 Dimer has no zero-bias 

feature

 Large step at ~6mV 

splits into three distinct 

steps at high fields
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Heisenberg spin coupling for dimer

Antiferromagnetic coupling: J > 0

Ground state: ST = 0

First excited state: ST = 1 , energy: J 

NOT dependent on S

2
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J = 6meV
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What is the singlet wavefunction?

 For two S = ½ you know the singlet state …

 For two S = 5/2 it is a bit more complicated:
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 Dimer  J = 6.2meV

 Trimer  Si = 5/2

 Even chains

 ground state spin = 0

 excited state spin = 1

 Odd chains

 ground state spin = 5/2

 excited state spin = 3/2
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No changes along the chain

 Step energy is independent of location along chain

 Excitation is a property of the chain, not its constituents

78Å
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A novel type of atomic-scale magnet?

Bare CuN Mn on Cu-site/CuN Mn dimer on Cu-site/CuN

Cu and N surface atoms form extended molecular bonds

N atoms are ligands to metals

N atoms are bridge atoms for superexchange interaction

A surface-embedded magnetic molecule?

Cu+ Cu+ Cu+
N- N-

Cu+

N- Mn+

Cu+

Mn+

N- N-

Cu+

Cu+

Cu+
N- N-

Mn+

DFT calculations by C.-Y. Lin and B.A. Jones
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Magnetism on surfaces

Spin excitations in STM 
Science (2004) 

Quantum spins:

A quantum antiferromagnet

Science (2006)

Classical spins:

The smallest classical antiferromagnet

Science (2012) 
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Lateral spin contrast in a chain of Fe atoms?

 Atomic-scale Tunneling Magneto Resistance junction.

 Chain of 8 Fe atoms in “classical” Néel states.

tip

insulator

metal

Low current: 

atom appears short

High current: 

atom appears tall
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Two stable antiferromagnetic states
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Switching dynamics

26

	

T = 4.75K, B = 3T
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 Removal of 2 atoms increases tunneling by 1000x

 Quantum coherence needed

Quantum not fully gone – low T switching
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 Removal of 2 atoms increases tunneling by 1000x

 Slope of thermal relaxation gives energetics

Switching of Néel vector in AFM chains – high T
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Switching dynamics: high T

 Domain wall introduced by T fluctuations

 Calculated energy cost is 2S2J = 9.6 meV

 Measured Ea = 12 meV

 Propagation of domain wall costs no energy
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So what is the difference?

 Fe chain has weaker coupling due to spacing

 Fe has strong easy-axis magnetic anisotropy

30

Cu N

Mn Mn Mn

Cu N

Fe Fe Fe

-2 -1 0 +1 +2
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A close-spaced Mn chain
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Summary

32

Spin excitation 

with STM

Classical antiferromagnet:

two stable states

Quantum antiferromagnet:

singlet ground state
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What to learn from quantum spins on surfaces?

Quantum state in real time
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Dense packing: a true advantage of AFM
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„S‟
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 12 Fe atoms per bit.

 ~100,000 x fewer 

magnetic atoms

 Bit density including 

spacer regions

70 T bit / in2

 ~100 x denser than 

current hard disk 

drive technology

Antiferromagnetic 

data storage:
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The world’s smallest magnetic Byte
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New Storage Device Is Very Small, at 12 Atoms

39

2/ 9/ 12 2:10 PMSmaller Magnetic Materials Push Boundaries of Nanotechnology -  NYTimes.com

Page 1 of 5http:/ / www.nytimes.com/ 2012/ 01/ 13/ science/ smaller- magnetic- materials- push- boundaries- of- nanotechnology.html

Search All NYTimes.com

 

Advertise on NYTimes.com

RSS Feed

 Get Science News From The

New York Times »

Enlarge This Image

New Storage Device Is Very Small, at 12 Atoms

Sebastian Loth/IBM Research-Almaden

New research findings at I.B.M. allow for miniaturized data storage in atomic-scale antiferromagnets. The binary

representation of 'S' (01010011) was stored in eight iron atom arrays.
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SAN JOSE, Calif. — Researchers at I.B.M. have stored and retrieved

digital 1s and 0s from an array of just 12 atoms, pushing the
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is possible.

The findings, being reported Thursday

in the journal Science, could help lead
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important to many major economies, but there aren’t that

many of them,” said Shan X. Wang, director of the Center

Washington State

Moves Closer to

Gay Marriage

Jeremy Lin Has

Burst From

N.B.A. Novelty

Act to Knicks Star

Log In With Facebook

Advertise on NYTimes.com

MOST E-MAILED RECOMMENDED FOR YOU

Log in to see what your friends

are sharing on nytimes.com.

Privacy Policy | What’s This?

What’s Popular Now 

Ads by Google what's this?

Penny Auction Site

Save Up To 90% On A Tablet Device - Win The PDA You Want

For Pennies.

BidMaxi.com/Auction/Tablets

offsite business backup
Just $25/mo! Award Winning Online Backup. Protect All

Business Data.

www.sosonlinebackup.com/business

Business Secure USB Disk
Unlike Any Other USB Disk You've Seen - Better, Stronger,

Faster!

www.IronKey.com

Custom iPhone Development

Get the Best Mobile Apps Developed by Worry Free Labs. Free

Quote Now!

www.worryfreelabs.com

Buy Strong Magnets

Strongest Neodymium Magnets Here Wide Range & Great

Prices-Visit Us!

www.KJMagnetics.com

Q Ray Bracelet - Save $20

Q The Positive With Q Ray Bracelet Notice A Consistent Flow

of Energy.

QRay.com/Feel_Better

 

Privacy Policy

Get the TimesLimited E-Mail

1. NATIONAL BRIEFING | MID-ATLANTIC

Log In  Register Now  HelpHOME PAGE TODAY'S PAPER VIDEO MOST POPULAR TIMES TOPICS

Science
WORLD U.S. N.Y. / REGION BUSINESS TECHNOLOGY SCIENCE HEALTH SPORTS OPINION ARTS STYLE TRAVEL JOBS REAL ESTATE AUTOS

ENVIRONMENT SPACE & COSMOS

RECOMMEND

TWITTER

LINKEDIN

COMMENTS

(101)

SIGN IN TO E-

MAIL

PRINT

REPRINTS

SHARE

2/ 9/ 12 2:10 PMSmaller Magnetic Materials Push Boundaries of Nanotechnology -  NYTimes.com

Page 1 of 5http:/ / www.nytimes.com/ 2012/ 01/ 13/ science/ smaller- magnetic- materials- push- boundaries- of- nanotechnology.html

Search All NYTimes.com

 

Advertise on NYTimes.com

RSS Feed

 Get Science News From The

New York Times »

Enlarge This Image

New Storage Device Is Very Small, at 12 Atoms

Sebastian Loth/IBM Research-Almaden

New research findings at I.B.M. allow for miniaturized data storage in atomic-scale antiferromagnets. The binary

representation of 'S' (01010011) was stored in eight iron atom arrays.

By JOHN MARKOFF

Published: January 12, 2012

SAN JOSE, Calif. — Researchers at I.B.M. have stored and retrieved

digital 1s and 0s from an array of just 12 atoms, pushing the

boundaries of the magnetic storage of information to the edge of what

is possible.

The findings, being reported Thursday

in the journal Science, could help lead

to a new class of nanomaterials for a

generation of memory chips and disk

drives that will not only have greater

capabilities than the current silicon-

based computers but will consume

significantly less power. And they may

offer a new direction for research in

quantum computing.

“Magnetic materials are extremely useful and strategically

important to many major economies, but there aren’t that

many of them,” said Shan X. Wang, director of the Center

Washington State

Moves Closer to

Gay Marriage

Jeremy Lin Has

Burst From

N.B.A. Novelty

Act to Knicks Star

Log In With Facebook

Advertise on NYTimes.com

MOST E-MAILED RECOMMENDED FOR YOU

Log in to see what your friends

are sharing on nytimes.com.

Privacy Policy | What’s This?

What’s Popular Now 

Ads by Google what's this?

Penny Auction Site
Save Up To 90% On A Tablet Device - Win The PDA You Want

For Pennies.

BidMaxi.com/Auction/Tablets

offsite business backup

Just $25/mo! Award Winning Online Backup. Protect All

Business Data.

www.sosonlinebackup.com/business

Business Secure USB Disk

Unlike Any Other USB Disk You've Seen - Better, Stronger,

Faster!

www.IronKey.com

Custom iPhone Development

Get the Best Mobile Apps Developed by Worry Free Labs. Free

Quote Now!

www.worryfreelabs.com

Buy Strong Magnets
Strongest Neodymium Magnets Here Wide Range & Great

Prices-Visit Us!

www.KJMagnetics.com

Q Ray Bracelet - Save $20
Q The Positive With Q Ray Bracelet Notice A Consistent Flow

of Energy.

QRay.com/Feel_Better

 
Privacy Policy

Get the TimesLimited E-Mail

1. NATIONAL BRIEFING | MID-ATLANTIC

Log In  Register Now  HelpHOME PAGE TODAY'S PAPER VIDEO MOST POPULAR TIMES TOPICS

Science
WORLD U.S. N.Y. / REGION BUSINESS TECHNOLOGY SCIENCE HEALTH SPORTS OPINION ARTS STYLE TRAVEL JOBS REAL ESTATE AUTOS

ENVIRONMENT SPACE & COSMOS

RECOMMEND

TWITTER

LINKEDIN

COMMENTS

(101)

SIGN IN TO E-

MAIL

PRINT

REPRINTS

SHARE



© 2013 IBM CorporationHeinrich | STM of spins at surfaces 40

What to learn from quantum spins on surfaces?

Quantum state in real time
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