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Outline: “Levitated spinning graphene flakes in an electric 
quadrupole ion trap”*

1. Application of tools developed primarily in atomic physics to a condensed 
matter system:
a) Why graphene? (+graphene basics)
b) Why ion traps?

2. Discussion of the (preliminary) experiments:
a) Observation of trapped multilayer graphene spinning at ν≈5 MHz
b) Demonstration of “rotational resonance” as a tool for probing trapped 

spinning particles
3. Future Directions:

a) Measurements of single layer graphene under conditions of extreme 
strain and/or temperature

b) 2D crystal modification and growth in a levitated environment
c) Controlled deposition onto a substrate
d) Cooling?
e) Measurements of  a rotating 2D electron system?
f) Applications to quantum optomechanics?

*PRB 82, 115441 (2010). 2



Graphene: tip of the iceberg for new 2D materials?

Graphene
Monolayer BN, SiC...?

Graphene Moiré bilayer

Graphane (H-saturated 
graphene), fluorographene,
Silicane?

Multilayers and 
superlattices

BN

C

BN

C

Which of these types of materials are realized (or become technologically important) 
will depend on the development of new methods for growing, manipulating, and 
positioning crystals that are one atom thick. 3



Y=Young’s modulus ≈ 1012 Pa σint = Intrinsic strength = 1.3 1011 Pa
(implies that lattice constant has been stretched by over 10%)
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Sound Velocity ≈ 21 km/sec (ρ=2200 kg/m3)
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5.9 108 J/kg (>gasoline!)

Graphene: Mechanical Properties

Note: tensile, not 
compressive stress
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Graphene: Optical Properties

For a graphene monolayer flake: %)3.2(
137

Areaabs ≅×=
πσ

Only quantum
in this talk!

Optical polarizability 
is purely imaginary

(absorptive)

This simple relationship follows from the absence of a band gap in graphene.
It will not be true in gapped materials such as BN, graphane, etc.

θ

E
Flake orientation effect: θσ 2

abs cos∝
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Why Ion Traps?

A. Geim, 1998

1. Optical traps will have to deal with the 
strong optical absorption in graphene.

2. Electrostatic repulsion will help charged 
graphene flakes to stay flat and keep them 
from crumpling into a wad:  charging 
graphene is good and confinement in an 
ion trap will lead to negligible extra 
heating.

3. Diamagnetic levitation works for frogs 
and graphite, but confinement will be very 
weak.

6



Experimental challenges

•Ion trap

•Source of charged graphene particles to trap

•Optical technique to measure trapped particles

Previous work in this field that I am aware of has focused on 
“interstellar grade” graphite:

“Laboratory Experiments on Rotation and Alignment of the 
Analogs of Interstellar Dust Grains by Radiation”, M. Abbas 
et al., Astrophys. Jour. 614, 781 (2004).

“Radiation pressure forces on individual micron-size dust 
particles: a new experimental approach” Oliver Krauss et al., 
Jour. Quant. Spectros. & Rad. Tran. 89, 179 (2004).
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Coaxial two electrode ion trap

Vtrap =
300 V
νtrap = 

20-50 kHz
(Op Amp)

Vdc = 0- 5V

(also rf)

Pseudopotential Ψ
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Commonly used in mass spectrometry.  Used 
for injecting  micron-scale charged spheres into 
an ion trap: Pearson, et al. PRA 73, 032307 
(2006).

Suspensions of graphene various organic 
solvents: Hernandez et al.  Nature 
Nanotechnology 3, 563 (2008).

Creating charged graphene particles for  confinement in an ion trap

Electrospray emission

500 nm

Mix graphite  flakes with organic liquid
↓

Sonicate
↓

Centrifuge
↓

↓

3000V

Makes micron-scale irregularly shaped flakes 9

http://www.newobjective.com/index.html�


Hernandez et al.  
Nature Nanotechnology 3, 563 (2008).

H2O                                    72              ~0

Need high purity, since solvent 
must leave very little 

residue upon evaporation.

Solvents readily available in 
“mass spectrometry” grade:

IPA.

I have found that 
~3:1 IPA: H2O works much
better than either pure solvent!

Solvent  Surface 
tension 
(mJ/m

2
)  

% 
remaining 
after CF  

error  

Benzyl Benzoate  45.95  8.3  1.1  
NMP (1-Methyl-2-pyrrolidinone)  40.1  7.6  1.7  
GBL (γ-Butyrolactone)  46.5  7.6  1.7  
DMA (N,N-Dimethylacetamide )  36.7  7.2  1.4  
DMEU (1,3-Dimethyl-2-
Imidazolidinone)  

42.5  7.2  1.4  

NVP (1-Vinyl-2-pyrrolidone)  42.7  6.6  2.1  
N12P (1-Dodecyl-2-
pyrrolidinone)  

34.5  5.4  1.5  

DMF (N,N-Dimethylformamide)  37.1  4.5  1.6  
DMSO (dimethyl sulfoxide)  42.98  4.1  1.0  
IPA (isopropanol)  21.66  3.4  0.6  
N8P (1-Octyl-2-pyrrolidone)  34.5  2.6  2.4  
Acetone  25.2  2.5  0.8  
 

Not all single layer (data for NMP) 10



Photodiode: 1012 V/A bandwidth ~20 Hz

¼ λ plate can be rotated 
so light can be  either 
linearly or circularly polarized

Optics

Optics collection efficiency:~0.25%

Graphene absorbs ~2% of light per layer
and  angular momentum       per absorbed 
photon when circularly polarized light impinges
perpendicular to layer.

h
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Approx. noise floor

Visibility of Graphene Flakes
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Graphene Heating and Cooling

•Graphene flakes in a good vacuum can easily get very hot.

•Cooling, however, of a one atom thick layer is very rapid.
13



Pressure in chamber is ~500 mTorr when particles are captured

Plumbing
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Why trapping must be done at low pressure

γp is momentum relaxation rate of the particle.  Because of graphene’s large
surface area to mass ratio, γp is very large at high pressures. 

Ωtrap

Trap pseudopotential, Ψ, is:
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Trapping is easy

Only hard part is knowing what you are looking at!

Need “smoking gun” that definitively identifies trapped particles
as graphene/ite.
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Likely origin of polarization dependence:

E :

graphene

No scattering Large scattering Average 17
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Turning on circularly polarized light at low pressure...
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Sample B  p<10-5 Torr

5 mW linearly polarized 
light from 5 mW circularly 
polarized light at t<0.

...and then switching to linearly polarized light

Scattered light signal goes to zero (or to the noise floor) occasionally when good 
samples are viewed with linear polarized light. 19



Precession of a damped top

ωp =
N

I Ω(t)

where N is torque applied to the top 
(presumably coming from  small 
residual fields at the trap center) and 
I is the moment of inertia.

Observation of spin-down behavior is strong evidence
that the flake is rotating, but does not tell us its rotation rate.

Linear time axis

“Stretched” time axis

20



Drag or damping measured from spin down 
(γ ω) or motion (γp)  (in Knudsen regime):

γω =                        ∝ ∝ ∝damping rate
(sec-1)

hits/second
mass

surface area ×pressure
mass  

pressure
# layers

“Naive kinetic theory” predicts : p/γ ω ≈1 µTorr-sec (1 Langmuir) # layers

What are we looking at?

m
(1 μm 1 μm 1 layer)

=0.76 10-18 kg

γ-1 ≈ time it takes for a particle to get hit with its own mass of residual gas
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If naive kinetic theory is correct, I have been trapping multilayers, and I 
need to do more experiments to verify this.

But, Could naive kinetic theory be wrong for graphene? To damp motion
of a rotating object in the Knudsen regime, impinging gas molecules must
impart momentum in a direction lateral to the surface:

Graphene layer

Gas

Imparted momentum

Specular reflection does not transmit lateral momentum to the surface.

“Atom mirrors” are being developed with inert, flat surfaces (notably 
Si(111):H and Si(111):Pb that report up to 15% specular reflection of 
He*.

Could graphene be a very good atom mirror?

*Adv. Mater. 2008, 20, 3492 22



(submitted to PRB)

Graphene is good for atom optics.  Atom beams useful as a probe of levitated graphene?

23



Rotation Resonance Experiments

Min. Max.

Vrf  ≈10 V 
applied to

inner electrode,
ν >> νtrap

1. Apply and electric field resonant 
(~MHz) with rotation of spinning 
flake.

2. Measure slow (~0.1 sec) 
modulation of light scattered due 
to reorientation of flake

To determine actual frequency of
rotating graphene flake:

24



Formula
Torque
(N m)

Torque/kT
(T=300K)

Electric
Induced
Dipole

2.3 10-23 6 10-3

Electric
Quadrupole 1.1 10-24 3 10-4

Electric
Permanent

Dipole
1.6 10-20 3.9aQV
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Parameters: Q=1000 e V=10 V r0 =10 mm

a=1 μm δa=0.1 μm

What couples to an applied electric field?
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Flake 2D shapes:

2
layers
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Model for Flake Rotational Dynamics

1. Angular momentum is conserved.

2. Flake is not a rigid body, but is always near the lowest energy 
state for a given value of angular momentum: namely, it rotates 
around the axis perpendicular to the flake plane.

3. Moment of inertia, I, about the axis of rotation is constant.

Rotational kinetic energy >> kT

Internal Energy relaxation< 1 nsec?   External angular momentum relaxation > 1 sec26




Time required for a π pulse:

sec10,1 3−≈≈ τ
ωτ I
N

(I=m r2, m=10-18 kg, r=μm, N=10-20 J, ω=107 sec-1)

Shadow size 
proportional to 

scattered light signal

Reorientation of the flake when external electric field is resonant with the dipole

What to do if the rotation frequency is unknown?
27



Time required for a π pulse:

sec10,1 3−≈≈ τ
ωτ I
N

(I=m r2, m=10-18 kg, r=μm, N=10-20 J, ω=107 sec-1)

Shadow size 
proportional to 

scattered light signal

Reorientation of the flake when external electric field is resonant with the dipole

What to do if the rotation frequency is unknown?
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Adiabatic frequency shifts: 

A dipole, phase locked to an external AC electric field, will
remain in phase if the electric field frequency is slowly changed.

Shadow size 
proportional to 

scattered light signal

Thermal fluctuations should promote formation of phase locked “bound” states
when dipole interaction energy is > kT.

29




Rotational resonance

•Measurements are made during CW illumination with circularly polarized light.

•Applied electric field frequency is logarithmically ramped across resonance.

•Photodiode response shows abrupt changes in amplitude at particular values of the 
frequency of the electric field.

•Resonance frequency is sensitive to chamber pressure.

•Direction and magnitude of shifts in photodiode response are not constant, and size of 
signal is becoming smaller at lower pressure (higher resonance frequencies). 30



Resonance Frequency Pressure Dependence

•Consistent with rotation rate limited by friction with chamber gas.

•Observed maximum rotation frequency ≈6 MHz.

31



Experimental Status

• Maximum rotation rate currently limited by chamber vacuum and 
maximum applicable laser power:

•Illumination with >5 mW laser power causes rapid discharging of 
trapped flake and its subsequent loss.
•Discharging occurs with either circular or linear polarized light, so 
this is most likely a consequence of heating rather than from flake 
destruction from centrifugal forces.
•Likely problem is discharging due to loss of volatile ionic residue 
when flake gets hot.

•New system will have better vacuum and electron beam for flake 
charging.

32



How fast can you spin graphene?

222
8
3 )( Ωrar −≅

ρ
σ

For σint =130 GPa,  ρ =2200 kg/m3,  a=1 μm: Ω=1.2 1010 /sec

This is almost a thousand times faster than the rates measured in the experiments.

How will the lattice behave under conditions of extreme stress?  How will defects 
behave?  What role will nonlinearities at large strain play?  How will it ultimately fail?
More chemistry and mechanical engineering questions than physics!
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2D crystal modification and growth in a levitated environment

• Old idea (justification for the space station)

• m2 of graphene can easily be supported using small trapping forces
(ρ2D =7.6 10-7 kg/m2)

• In situ growth of graphene may be necessary to levitate large crystals 
of graphene, since technique currently used (electrospray from liquid 
solution) probably won’t work for large (>>1 μm) pieces

• Particular advantages:
1. UHV environment
2. Extreme temperatures possible without 

contamination from support or substrate 
(graphite melts at ~4000K)

3. Rapid heating and cooling
4. Stress and strain are adjustable parameters
5. Centrifugal forces may facilitate “reshaping” 

of crystal (like pizza dough) or collapsing 
bilayers into monolayers

34



Graphene Epitaxy?

Graphene monolayer crystal

Heat to introduce mobile vacancies

Cool and expose to C molecular beam

Graphene with additional C
incorporated

1.

2.

3.

4.

Millisecond heating and cooling times mean 
that process can be repeated rapidly.

35



Graphene/BN heteroepitaxy?
Graphene lattice constant = 2.46 Å  BN lattice constant = 2.51 Å (~2% mismatch)

Graphene

Graphene strained by centrifugal force

MBE Growth of unstrained BN
on tensile strained graphene

BN/C/BN heterostructure
(arXiv:1011.2489v1)

=C =B =N

1.

2.

3.

4.
36



Depositing levitated graphene onto a substrate

+
+
+

Levitated,
charged,
oriented,
spinning
graphene

Substrate

E

Use charge focusing optics...

Looks easy, but graphene needs to be well oriented, or it will end up as a crumpled blob.
How slowly must it be spinning or moving in order for it to stick cleanly?

Deposition of strained layers? Graphene “passivation” of reactive surfaces in UHV? 37



Cooling levitated graphene

• Strong optical (and infra-red) absorption means that conventional 
cryogenics will be necessary (sample must be surrounded by cold 
walls)

•Consequently, optical measurements will be problematic

•Micron-sized samples have >107 internal degrees of freedom 
(mostly phonons)

38
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Flexural phonons

Phonons
LA

Flexural (out of plane) phonons

•Flexural (ZA) phonons involve out-of-plane 
motion of the atoms

•Long wavelength flexural modes are simply 
z-displacements of the lattice and cost no 
energy: leads to quadratic dispersion

•Consequently, flexural phonons dominate 
thermodynamics of graphene at low (<300 K) 
temperatures: specific heat linear in T

•Particularly important in levitated graphene, 
since there will be no substrate to constrain 
flexural motion

(Data for graphite)
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Flexural phonons in strained graphene

ρ
σ

ρ
ω +∝ 2)()( hkYkk Y=Young’s modulus σ=tensile stress

ρ= mass density h=layer thickness (~1 Å)

•Tensile stress leads to linear dispersion at low frequencies

•Dispersion (and consequently phonon velocity) is adjustable with applied stress

•In the limit of a circular membrane stressed purely by centrifugal force,  all mode 
frequencies scale with Ω, the rotation frequency.

What happens to a thermal population of flexural phonons during detensioning?
40



Flexural phonons in strained graphene

ρ
σ

ρ
ω +∝ 2)()( hkYkk Y=Young’s modulus σ=tensile stress

ρ= mass density h=layer thickness (~1 Å)

•Tensile stress leads to linear dispersion at low frequencies

•Dispersion (and consequently phonon velocity) is adjustable with applied stress

•In the limit of a circular membrane stressed purely by centrifugal force,  all mode 
frequencies scale with Ω, the rotation frequency.
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Membrane Cooling by Adiabatic Detensioning

In the simple case where all phonon energies scale with Ω:

init.

fin.

init.

fin.

Ω
Ω

T
T

≅

Slowing down rotation speed will lead to cooling.  
What would limit cooling when the flexural phonons soften?

Coupling to in-plane phonons

Coupling to charge carriers

42



Measurements of the Charge Carriers

n2D

r
a

• Charge density in a circular charged disk is not 
uniform

• System could be very clean (prepared or annealed in 
a UHV environment)

• Measurement via torques exerted on the lattice

1. Orbital Diamagnetism

2. Electron and nuclear spin (if angular momentum 
is coupled to the lattice)

• Measurements of a rotating 2D system?
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Graphene Optomechanics?

arXiv:1005.3568 Accepted for PRL

Absorption in graphene is probably deadly, but what about BN or other ionic 2D crystal?

BN near optical phonon resonance (restrahl) should have strong dispersive optical coupling
44



Conclusions

•A method for levitating and measuring micron scale (multilayer, 
irregularly shaped) graphene has been demonstrated.

•~5MHz rotation speed inferred from “rotational resonance” is the 
fastest I am aware of for a macroscopic object.

•Technique should prove valuable for probing graphene in a high stress 
or high temperature environment.

•Possibility of new approaches for the fabrication, modification and 
positioning of 2D crystals

•Possible new physics of phonon cooling, rotating electron systems, 
and extremely low mass optomechanics, and atom mirrors
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