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Spanning the Length ScalesSpanning the Length Scales
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STM

• Microscope resolving power



Scanning Tunneling Microscopy (STM)Scanning Tunneling Microscopy (STM)

Tunnel current

Tip trajectory

SURFACE

TIP
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Tip DetailTip Detail

• 10x current increase for every Å
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Experimental ApparatusExperimental Apparatus

• Specifications

• 4 K / 1 K / 0.5 K UHV Scanning Probe Microscope

Imaging specs @ optimal frequencies:
Lateral resolution ~ 100 fm (1 mÅ)
Vertical resolution ~ 10 fm (0.1 mÅ) rms
Open loop drift ~ 500 fm/min (5 mÅ/min)

Temperature ~ 0.5 K
Magnetic Field ~ 15 T

Sample environment:
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Electron Standing WavesElectron Standing Waves

• Sulfur atoms on copper surface
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Cast of Characters: Cu(111) and CoCast of Characters: Cu(111) and Co

300 Å
square
topo

After surface prep

After Co dose

300 Å
square
topo
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Cast of Characters: Co AtomCast of Characters: Co Atom

• Bonds to fcc sites on Cu(111)

35 Å

0.8 Å
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Cast of Characters: CO MoleculeCast of Characters: CO Molecule

• Bonds “on-top” to Cu atoms

35 Å

0.5 Å

Cu

C

O
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Looking “Inside” a ParticleLooking “Inside” a Particle

Charge

Spin

• Quantized degrees of freedom
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Looking “Inside” a ParticleLooking “Inside” a Particle

Charge

Spin

• Quantized degrees of freedom
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+ + environment

+ environment



Looking “Inside” a ParticleLooking “Inside” a Particle

Charge

Spin

• Quantized degrees of freedom
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+ + environment

+ environment

+ charge
screening

spin
screening



Probing the Spin Degree of Freedom with STMProbing the Spin Degree of Freedom with STM

Pair breaking

• Magnetic moment on a superconductor

Yazdani et al. (1997)

• Magnetic moment on a normal metal

• Interacting magnetic moments

Tip

Kondo effect

Spin excitations

Li et al. (1998)
Madhavan et al. (1998)

Tip

Tip
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The Kondo Resonance: Co Atom on Cu(111)The Kondo Resonance: Co Atom on Cu(111)
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The Kondo Resonance: Co Atom FlyoverThe Kondo Resonance: Co Atom Flyover

Tip

Co

Cu(111)

r
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Imaging the Kondo ResonanceImaging the Kondo Resonance

Topograph

(V = 5 mV)

dI/dV map

(V = ±5 mV)

• Single Cobalt atom
• Simultaneously acquired 35 Å square images
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Kondo Imaging: CoKondo Imaging: Co vsvs COCO

Topograph

(V = 5 mV)

dI/dV map

(V = 5 mV)

• 1 cobalt atom + 1 carbon monoxide molecule
• Simultaneously acquired 35 Å square images

Co

CO
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Motivation: TwoMotivation: Two--Tip STM Measurement?Tip STM Measurement?

Tip Tip

Tip

Tip

• Standard two-terminal measurement

Aha!

I
V

• Two tips?

• One tip plus weird geometry
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Elliptical Resonator DesignElliptical Resonator Design

170 Å

Eccentricity:
e2 = 1 - b2/a2

a-a

b

F1

-b

ae

P

F2

-ae

Path length:
F1 P + P F2 = 2a

a = 71.3 Å

e = 1/2
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Elliptical Resonator AssemblyElliptical Resonator Assembly

180 Å• e = 0.500, a = 71.3 Å

• e = 0.786, a = 71.3 Å 180 Å
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“Tunable Bond”“Tunable Bond”

• Chemical bonding force enables atom manipulation

Tip

Surface

Adatom
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STM Operating ModesSTM Operating Modes

Imaging Mode Manipulation Mode

Surface Surface

Tip
Tip

Tip trajectory

Tunable bond
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Empty Elliptical ResonatorEmpty Elliptical Resonator

Topograph

(V = 10 mV)

dI/dV map

(V = 10 mV)

• e = 1/2, a = 71.3 Å
• Simultaneously acquired 150 Å square images
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The Quantum MirageThe Quantum Mirage

Topograph

dI/dV difference map

• e = 1/2, a = 71.3 Å elliptical resonator
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Spectroscopy on Atom and MirageSpectroscopy on Atom and Mirage
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EigenmodeEigenmode CalculationsCalculations
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Eigenvalue k

• e = 1/2, a = 71.3 Å elliptical resonator
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EigenmodesEigenmodes

• e = 1/2, a = 71.3 Å elliptical resonator
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EigenmodeEigenmode ModelingModeling

Calculated
Eigenmode at EF

(Eigenstate 42)

dI/dV
difference map

• e = 1/2, a = 71.3 Å elliptical resonator
• Solve Schrödinger equation with hard-wall boundary
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Elliptical Resonator DesignElliptical Resonator Design

160 Å

Eccentricity:
e2 = 1 - b2/a2

Path length:
F1 P + P F2 = 2a

a = 71.3 Å

e = 0.786
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The Quantum MirageThe Quantum Mirage

Topograph

dI/dV difference map

• e = 0.786, a = 71.3 Å elliptical resonator
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EigenmodeEigenmode ModelingModeling

Calculated
Eigenmode at EF

(Eigenstate 28)

dI/dV
difference map

• e = 0.786, a = 71.3 Å elliptical resonator
• Solve Schrödinger equation with hard-wall boundary
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Electron Spin Resonance STMElectron Spin Resonance STM

• Manassen et al., PRL 62, 2531 (1989).

• Durkan & Welland, APL 80, 458 (2002).

• Manoharan, Nature 416, 25 (2002).
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The PastThe Past

1940’s

• Bell Labs Invention (1947)
1 transistor
~ 5 cm
< 20 kHz
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2000’s

• Intel Pentium 4 (2003)
55 million transistors
~ 0.13 µm
> 3 GHz



The FutureThe Future

2000’s

• Laboratory research
1 atom/spin element
~ Å 
~ THz
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2060’s

• Working product?
Molecules, e-’s, spins?
How big?
How fast?



Nobel eNobel e--MuseumMuseum

• www.nobel.se/physics/
educational/microscopes/

One possibility…
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Molecular CascadesMolecular Cascades

CO molecules
&

domino logic

• Three-input sorter

Another possible 
route…
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Nanoscale Science and TechnologyNanoscale Science and Technology

Professor Hari Manoharan

Department of Physics
Stanford University

LAM McCullough 348
+1-650-723-7263

manoharan@stanford.edu
www.manoharan.org



National Nanotechnology InitiativeNational Nanotechnology Initiative

H. C. MANOHARAN  •  DEPARTMENT OF PHYSICS  •  GEBALLE LABORATORY FOR ADVANCED MATERIALS  •  STANFORD UNIVERSITY  ©  2003H. C. MANOHARAN  •  DEPARTMENT OF PHYSICS  •  GEBALLE LABORATORY FOR ADVANCED MATERIALS  •  STANFORD UNIVERSITY  ©  2003

www.manoharan.org

• Launched in Presidential address, 21 January 2000.



SummarySummary
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