Sinc or Sine?

The Band Excitation Method for Spectroscopic
Imaging in Scanning Probe Microscopy

Stephen Jesse, M.P. Nikiforov, P. Maksymovych, S.V. Kalinin



*Motivation
*Constructing the BE waveform
Examples
 Piezo-response force microscopy/spectroscopy
* Nano-thermal analysis
« Magnetic force microscopy
* Nonlinear tip-surface interactions

*Principal Component Analysis
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spm methods to date

Time Domain Frequency Domain

Amplitude and
Phase at
Driving
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spm methods to date
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to ¢ or not to ¢ : the role of phase
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to ¢ or not to ¢ : the role of phase
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to ¢ or not to ¢ : the role of phase
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truncating the waveform: frequency resolution vs. signal-to-noise

0.7+

Truncate to 1/8 o5

. 05+

Repeat 8 times o4
ool

01p

0.7+

Truncate to 1/16 °¢-

Repeat 16 times o«

0.7+

Truncate to 1/32 oo
Repeat 32 times ..

0

Truncate by 1/64 06;
Repeat 64 times o

02r
01

0

_ measured response

<— dwell time per pixel ——>

NH ‘ :

*Truncating and repeating
the waveform reduces the
frequency resolution but
Increases signal-to-noise
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piezo-response force microscopy
(PFM)



piezo-response force microscopy - pfm
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Band Excitation - PFM
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switching spectroscopy piezo-response force microscopy
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band excitation + switching sEectroscopy _
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band excitation + switching spectroscopy

Switching events

amplitude hysteresis loop
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band excitation + switching spectroscopy

Switching events Hysteresis loops obtained from PFS data
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Nanoscale Thermal Analysis
(nano-TA)



nano-thermal analysis

Anasys Thermal Probe

In traditional nano-TA

Tip is brought into contact
*Current is applied, tip heats
*Cantilever deflection indicates the
onset of melting
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“nano-thermal an:

Anasys Thermal Probe

In traditional nano-TA

*Tip is brought into contact
*Current is applied, tip heats
*Cantilever deflection indicates the
onset of melting
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nano-thermal analxsis

In BE nano-TA (version 1)

*Tip is brought into contact
Current is applled t|p heats
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nano-thermal analysis

In BE nano-TA (version 1)

*Tip is brought into contact
*Current is applied, tip heats

*The base is oscillated (AFAM)
with a BE waveform, and the
spectral response is measured
*Yielding, local change in stiffness
and visco-elastic properties as a

function of temperature

In BE nano-TA (version 2)

*Tip is brought into contact
*Current is applied, tip heats
*The BE waveform is sent as

current through the cantilever itself
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Quality factor

nano-thermal analysis
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nano-thermal analysis

melt transition

140- 1360k
. . .y
120 {350k §
— 4 1 =
S &0 1330k &
5 anl 1320k 3
S 60 ) <
S 1310k S
40 . Q
. 1300k = glassy transition
20 . T
T v T v T v T v T 290k
0 1 2 3 4 Young modulus, GPa
Heating voltage, V 250 12.0x10°

N
2.

11.5x10°

2

Contact stiffness, k(N/m)
3

1.0x10°

8 *

< -

Heating voltage,

(s/6y) 2 ‘Juaidiyy09 Buidwe(q



Magnetic Force Microscopy
(MFM)



magnetic force microsco
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magnetic force microscopy _
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A window into non-linearities



non-linear responses, a look into contact mechanics

Increasing V., low set-point Increasing V., high set-point
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non-linear responses

amplitude resonance

0.1

Set-point

0.05

05 1 15 2 25 3

Vac
resonance
06
05
0.4
0.3
02




non-linear responses

response to increasing chirp response to decreasing chirp
. | | | - ) 0.05 | I /\\r/ | | I

q') GJ 0.(;35f
© ©

E B 0.03-
%_ B_ 0025
E E 0.02
m cu 0.015

frequency frequency

response to sinc function

| ampl_itude |

frequency



Principal Component Analysis
(PCA)
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principal component analysis

|
-

o =
e e e e e e e e A e e e e e e O O O O O O T P PP P Ty rT 'Q : d
T T EEEEE NN T ENNENE NN NNENNN]

FERFFHH R O PP 1 H | . st : 1 PR P e P T E (&)
[ANEENNNRNNNREN T T T INNNNNNNNNNN] 1 I nanI EEEE! n| I [

— A A A AR AP AR A AR junmn T EENEN NN NN RN NRAN] T AT T TR 1 -]
— e e e T T T NN NNNE] NN} T EEEEEE) T T GJ
e e e e e e e e e e e e e e e e e C S
= O
O &

—
(@]

E == ‘

—

< total number of pixels >

covariance matrix, C= XXT, describes
relationships between all pairs of spectra.
on-diagonal = variance (information)
off-diagonal = covariance (redundancy)

Goal 1: is to remove all redundancy. Therefore,
we remove all off-diagonal elements

Goal 2: determine which elements contain the most
information. Therefore, we rank on-diagonal elements by
their magnitude, i.e. variance, i.e. information



principal component analysis

= x10°
-85
86
o 8.7
; 8.8
8.9
PC3

10°t
o, 2
=10
S
. 0.02
o .
Re)
i
] L0
10 ¢
-0.02
% 4 -0.04
10° ¢ :
10 20 30 40 50 60 70 -0.06
Principal Component
-0.08
-0.1
I}j ilic velllcl vl Nanvpiniasce wiateriails asciences - Vak nuuye iNnadiiail wavviraivriy



principal component analysis
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conclusion

*Construct a BE waveform with desired duration and energy content
‘PFM

» Track frequency shifts

* A new window into domain formation
*Nano-TA

« Constant contact area

« Detect the onset of melt or phase transition much sooner and less
destructively

‘MFM
« Decouple conservative and non-conservative behavior
* Increase resolution

PCA

» Arapid method for processing spectral-imaging data



availability band excitation SPM

Center for Nanophase Materials Sciences at ORNL

http:\\imaging.ornl.gov
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