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Attrractive vs. repulsive mode imaging
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Depending on operating conditions, its is possible to app
roach in attractive regime and transition to repulsive at
some Z
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Implications
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Fig. 11. Experimental determination of the low and high amplftude branches. (a) Amplitude curve, the L and H branches are
plotted by open circles. Dashed lines indicate the A, values used to image a 200 = 200 nm” InAs quantum dot sample. (b) The
system evolves from stable imaging in the L state A, = 16 nn (top) to unstable imaging due to switching between H and L
states A, = 13.8 nm (middle) and finally to stable imaging An the H state Ay = 9.5 nm (bottom). Adapted from [56].

Fig. 12. {A) High-resolution image of a single a-HSA (obtained by operating in an L state). The three fragments and the
hinge regions are clearly resolved. (B) Image of the same molecule obtained by operating the instrument in an H state. (C)
Image of the molecule in the initial L state after repeated imaging in an H state. The characteristic shape of the molecule has

been lost by imaging in an H state. Adapted from [7].



ractors controlling this pnenormenon
Rtip=10nm k=40 N/m, Ao=10nm, Q=500, f=f,=300
kHz, H=2*E-19, Fad=1.4nN, E*=1 GPa
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ractors controlling this pnenormenon
Rtip=10nm k=40 N/m, Ao=20nm, Q=500, f=f,=300
kHz, H=2*E-19, Fad=1.4nN, E*=1 GPa
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Increase amplitude to tap (repulsive reglme)
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Factors controlling this phenomenon
" Rtip=10nm k=40 N/m, Ao=20nm, Q=700, f=299kH
z, H

“ Increase QQ to stay in attractive regime
PURDUE




Cantilever zigenmodes
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Point mass vs. continuous oscillator?

The point mass model was derived with the
assumption that cantilever mass was << tip mass

The shape of the oscillating beam in the point mass
model is assumed to be that of a statically bent
beam under a tip force

The point mass model does not predict any
oscillation modes beyond the fundamental

How to include spatially continuous nature of the
AFM cantilever and yet enjoy the simplicity of a
point mass model?

PURDUE



p(x,1)
Ve, 11
M(x) < T l >M(x+Ax)
x—, V(x+Ax)

p(x,t): external force per unit
length

A: Area of cross section

p: mass density of cantilever

Bernoulli-Euler
beam theory

PURDUE

lransverse viorations of classical bearm
V (X)+ p(X,1)AX =V (X + AX) = (pAAX)W,

as Ax —» Owe get pAw = —ﬂ+ pP(X,t)

OX
or
. 0° o*w
Aw = — + p(Xx,t) = —El + p(X,t
P P p(X,t) Ve p(X,t)
Or

4

oA +E1ZY - pix.t)

X4

Tobe solved with boundary conditions
w(0)=0

oW

ax (=0

V(L) = El 83";’ (L) = 22
OX

M(L) = EI 82";’ (L) = 22
OX



Transverse viorations of classical beam
To calculate eigenmodes and natural frequencies,

one can set p(x,1)=0 and any damping=0
84

P +El =0 D
Let  w(x,t) = g(x)T (t) (2)

El
( AA)d%(x) 14T =const =w® (3)

#(x)  dx* T(t) dt?
T(t) = Asin(wt) + B cos(wt) #(X) = Ce™ (4)
(4)in (3a) —
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#(x)=Ce”™ +C,e™ +C,e* +C,e™”
= C, sin(pBx) +C, cos(px) +C, sinh(px) +C, cosh(fx)

and o’ =pf° E'IA\
PURDUE g &



J“r'wu//r' 2 vioraTtions of classical beam

Assuming n ible tip mass
#p(x)=C gos(%x +C, sﬁ)n(ﬂx)+C cosh(Bx) +C, sinh(3x) where g* = AC‘)ZI
o°w o°wW
0)=0, —(0)=0, EI L)=0, EI L)=0
w(0) ax( ) o 7 (L) = ~ 2( )

C,=C,=0and
C,(cos(pL)+cosh(pL))+C,(sin(pL) +sinh(pL)) =0 (2)
C,(—sin(pL) +sinh(pL)) +C,(cos(pL) + cosh(pL)) =0

or { cos(SL) +cosh(pL)  sin(pSL) +sinh(fL) HCZ} 3)
—sin(pL) +sinh(pL)) cos(pL)+cosh(pL) || C

for solutions where C,, C, # 0 we must have

cos(pL)cosh(pL)+1=0 (4)

cos(pL) +cosh(pL) c (5)
sin(AL) +sinh(pL) °
Solving (4) yields (,BL)1 =1.875, (,BL)2 = 4.694, (,BL)3 =7.855......
So that the eigenmodes are

cos(p,L)+cosh(p L)

$n () = (cos(/,x) — cosh(/5,x)) -~ (5.L)+sinh(5.L)
PURDUE Normalize so that ¢ (L) =1

and C, =-

(sin(,x) - sinh($,x)) (6)
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st o1
1 elgenmode(ﬂL)l =1.875,(pL), =4.694, (L), =7.855......

Thus

\ w0, 0, ...=1:6.26:17.55:...

for a uniform rec tangular lever with negligible tip mass

2"d eigenmode

T

3rd eigenmode
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cquivalent point mass oscillator

k.
y(t)=Ycos(wt) p, A, L EI > m,
Y3 T\ ___________________________ 3 255 :::_-_:::T
Z ,T)=0; L F.r‘.v d
Rilai ko

Energy based equivalence principle

1 1% (d%g) 1 7% : [400dx

—kiqZ:—jEl[ f‘jdx—miqzz—ij(qﬁi)zdei:Y[a)] 0

2 2 °, Ldx 2 2 7, 0] dZ(y q
-([( dxzj X

For negligible tip mass

k, =1.03k, k, = 40.5k, k, = 317k

m =m,=m, =....=0.249 pAL

Y, ~1.5Y

PURDUE Melcher et al, App. Phys. Lett. 91(5), 20072
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