
SPM

Overview

STM
Characteristic
interaction

Analyzing height
data

Examples

Imaging molecules

Imaging bands

Imaging growth

Electrical properties

AFM
Characteristic
interactions

Analyzing height
data

Examples

Imaging protein
conformation

Imaging processes

Force curves

Imaging adhesion

Comparisons
Probe issues

Substrate issues

Lab demo:
MFM

Scanning Probe Microscopy I
1 Overview

2 STM
Characteristic interaction
Analyzing height data
Examples

Imaging molecules
Imaging bands
Imaging growth
Electrical properties

3 AFM
Characteristic interactions
Analyzing height data
Examples

Imaging protein conformation
Imaging processes

Force curves
Imaging adhesion

4 Comparisons
Probe issues
Substrate issues

5 Lab demo: MFM

Kris Poduska PHYS 6900 – Fall 2008 1

SPM

Overview

STM
Characteristic
interaction

Analyzing height
data

Examples

Imaging molecules

Imaging bands

Imaging growth

Electrical properties

AFM
Characteristic
interactions

Analyzing height
data

Examples

Imaging protein
conformation

Imaging processes

Force curves

Imaging adhesion

Comparisons
Probe issues

Substrate issues

Lab demo:
MFM

Scanning probe microscopy (SPM)
Operational principle:

1 Scan probe across surface
2 Collect data points
3 Plot data points as array to produce image

Resolution comes from:

Good control of lateral (x-y) position

Generation of local probe-sample interactions (small probe)

Measurement of local probe-sample interactions
* van der Waals forces (scanning FORCE microscopy)
* tunneling current (scanning TUNNELING microscopy)
* magnetic interactions (MAGNETIC force microscopy)

Contrast (z position) comes from changes in probe–surface interactions.

Quantitative data comes from statistical analyses of multiple images/spectra.

REVIEW ARTICLE:
“The Art of SPM: Scanning Probe Microscopy in Materials Science”

Joachim Loos, Advanced Materials (2005) 17, 1821–1833.
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Scanning tunneling microscopy (STM)

Use scanning tunnelling microscopy (STM) to investigate surface topology.

! Voltage bias between tip and sample 
causes electrons to jump the gap.

! Feedback loop adjusts tip height to
maintain constant tunnelling current
while scanning.

I   ! exp(-d)tunnel

Tip movements mimic surface topography.

Exploit quantum mechanical effects to image small surface variations. 

Surface and deposit morphologiesSurface and deposit morphologies

(after Boland group at www.unc.edu)

piezoelectric
scanners

Feedback

Tip

I

surface charge
corrugation

V

z
x
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Sample

-e

Tip-sample spacings ∼ 0.5-1.0 nm
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The basics of STM height data! In situ STM allows observation of surface during an electrochemical experiment.

! Keys to successful nucleation/growth studies with STM:

flat surfaces (200-2000 Å terraces)  

ultraclean surface, electrolyte, and electrochemical cell

Surface characterization in fluid Surface characterization in fluid 

Imaged at -0.10 V  in SCE

nickel-based electrolyte

V  = +80 mV,   I = 0.15 nA bias tunnel500 Å

50 Å
Ag(100)

double step 
(4.7 Å)

single step 
(2.4 Å)

lowest 
features

highest
 features

Calculate expected heights: Ag-Ag bond distance in Ag metal is 1.75 Å
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STM example 1: imaging molecular orbitalsScanning Tunneling Microscopy (STM)Current from quantum mechanical tunneling
L. Lauhon

0.6 V 0.8 V 1.0 V 1.7 V1.1 V 1.4 V W. Ho, UC Irvine
C6381 - Fall 2006        Microscopy       Erika Merschrod
Change bias voltage (tip-sample) to view different molecular orbitals.

Requirements: low temperatures, low pressures, low density of molecules
adsorbed to surface
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STM example 2: imaging energy bandsSTM - graphite

0  tunneling current (pA)700
1 nm

2.4 Å

Energ
y Ef

k! K ! A LM

""#
#

C6381 - Fall 2006        Microscopy       Erika Merschrod
Graphite has C-C bond distance of 1.42 Å; bright spots observed at

√
3(1.42) Å.

Itunnel ∝ Vtunnel · exp(const ·
p

Φtunnel · d)
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STM example 3: imaging processes
nickel electrodeposition on Ag(111)

Evolution of Ni/Ag(111) morphologyEvolution of Ni/Ag(111) morphology

500 Å

2.6 Å

10 Å

120 s deposition at -1.00 V   SCE

• Longer deposition times yield flat-topped, multi-layer islands that coalesce.

• Deep holes remain after islands merge.

• Flat-topped features consistent with proposed nucleation and growth model.

30 s deposition at -0.89 VSCE

 Morin et al. Phys. Rev. Lett. (1999) 83, 5066.

500 Å

16 Å

Ni-Ni bond distance = 1.62 Å. Why might the measured distances be different?
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STM example 4: electrical properties
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Local Density of States (LDOS) for a single-wall carbon nanotube
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STM example 4: electrical properties
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&@$',. O%P,) P&MM,),%N +&$. #*%P&N&*%. $>>*Y. O%$@+&'O*O. P,N,)@&%$N&*% *M NF, N)$%./*)N N*:
/*>*'0 *M NF, %,NY*)ZB U,/)&%N,P Y&NF /,)@&..&*% M)*@ V]WXB <*/0)&'FN 233^ 6_( (O+>&.F&%' 7NPB

Scanning Tunneling Spectroscopy (STS) shows local current-voltage relations.
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Atomic force microscopy (AFM)Atomic Force Microscopy (AFM)! van der Waals forces! electrostatic (including capacitive forces! capillary forces! chemical forces (bonds)

C6381 - Fall 2006        Microscopy       Erika MerschrodThe contributions from each of these forces varies greatly with probe-sample
separation distance, material properties and surface chemistries of probe/sample,

relative humidity, etc.
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The basics of AFM dataExperiments

Single
molecules

Spatial
Control

Detection

Scanning probe microscopy: NSOM/STM/AFM
Tiny probe
Short-range interactions
Detection and control of probe position

Erika Merschrod Chem 6340 – Fall 2008 7
Kris Poduska PHYS 6900 – Fall 2008 11

SPM

Overview

STM
Characteristic
interaction

Analyzing height
data

Examples

Imaging molecules

Imaging bands

Imaging growth

Electrical properties

AFM
Characteristic
interactions

Analyzing height
data

Examples

Imaging protein
conformation

Imaging processes

Force curves

Imaging adhesion

Comparisons
Probe issues

Substrate issues

Lab demo:
MFM

AFM example 1: protein conformation

!"#$ %&' ()* +$,-' ,./ 0120'31'.% 45 +$,-' ,.,670+0 , 8#.9
0%,.% /+0%,.8' #! 4:; .$ 2'%<''. %&' 8#.=1-,%'/ 2,8>2#.'0
8#16/ 2' /'"+?'/@ <&+8& 8,. 2' 8#$A,"'/ <+%& B5 #" 216>
8"70%,66#-",A&+8 /,%, #2%,+.'/ 27 C9",7 /+!!",8%+#. ,.,670+0:
(18& !1.8%+#.,6 #"-,.+8 $#6'816'0 <+%& <'669/'!+.'/

0%"18%1"' ,"' %&' 21+6/+.- 26#8>0 !#" 0#98,66'/ D#"-,.+8 '6'89
%"#.+80E@ 018& ,0 #"-,.+8 6+-&%9'$+%%+.- /+#/'0 FGHI50J@
#"-,.+8 !+'6/9'!!'8% %",.0+0%#"0 FGKI)0J@ #" A&#%#?#6%,+8
/'?+8'0: L&'$+8,6 8#$A#0+%+#. ,./ 6#8,6 #"-,.+M,%+#. #! %&'
,8%+?' 6,7'" '.!#"8'/ 27 %&' ,AA6+'/ A"#8'00+.- 8#./+%+#.0
&,?' 2''. +/'.%+!+'/ ,0 +$A#"%,.% A,",$'%'"0 /'%'"$+.+.- %&'
A'"!#"$,.8' #! #"-,.+8 '6'8%"#.+8 /'?+8'0: N#<'?'"@ '0%,29
6+0&$'.% #! A"'8+0' "'6,%+#.0 2'%<''. %&'0' A,",$'%'"0 ,./
/'?+8' A'"!#"$,.8' +0 A"'0'.%67 6+$+%'/ 27 %&' 6,8> #! $'%&9
#/0 !#" 0%"18%1",6@ 8#$A#0+%+#.,6@ ,./ $#"A&#6#-+8,6 ,.,670+0
<+%& F012J.,.#$'%'" "'0#61%+#.: O. %&+0 8#.%'P%@ (Q* <+%& +%0
?'"7 6#8,6+M'/ .,%1"' #! A"#2+.- 01"!,8'0 &,0 !#1./ $,.7
,AA6+8,%+#.0 +. 0%1/+'0 #! %&' #"-,.+M,%+#. ,./ ,00'$267 #!
!1.8%+#.,6 $#6'816'0 #. ?,"+#10 0120%",%'0: R+01,6+M,%+#. #!
0'6!9,00'$26'/ 45 8"70%,60 #! "'-+#"'-16," A#67F/+#8%762+%&+#9
A&'.'9!"#9!61#"'.#.'J@STU %&' %<#9/+$'.0+#.,6 A,%%'". !#"$,9
%+#. #! 8&+",6 #6+-#F$9A&'.76'.'?+.76'.'J /'"+?,%'0 #! /+!!'"9
'.% 6'.-%&0@SV;U %&' !#"$,%+#. #! P'.#.9$'%,66#A#"A&7"+.
8#$A6'P'0 #. %&' L1F;;VJ 01"!,8'@SVVU ,./ %&' #20'"?,%+#. #!
#"/'"'/ A#6," $#6'816'0 %",AA'/ #. .,.#0%"18%1"'/ +.016,%+.-
0120%",%'0SV4U ,"' #.67 , !'< 'P,$A6'0 #! 0#A&+0%+8,%'/ 10'0
#! (Q* %# 2'%%'" 1./'"0%,./ %&' #"-,.+M,%+#. #! 018&
#"-,.+8 $,%'"+,60 ,./ %&'+" +.%'",8%+#. <+%& 01"!,8'0 #. %&'
F012J.,.#$'%'" 08,6':
G%&'" +.%"+-1+.- "'0',"8& ,"',0@ +. <&+8& >.#<6'/-' #! %&'

6#8,6 #"-,.+M,%+#. #! $#6'816'0 +0 #! 1%$#0% +$A#"%,.8'@ ,"'
%&' 2+#8&'$+8,6 ,./ 2+#$,%'"+,6 08+'.8'0: W./'"0%,./+.- %&'
!1.8%+#.,6+%7 #! 2+#$#6'816'0 ,./ $+$+8>+.- +% 27 07.%&'%+8
$,%'"+,60 ,"' %<# $,+. #2='8%+?'0 #! "'8'.% "'0',"8& 0%1/+'0:
X'8,10' #! %&'+" +.016,%+.- 8&,",8%'"@ 6+?+.- 8'660@ 8'6616,"
0%"18%1"'0@ ,./ 2+#$#6'816'0 ,"' $,+.67 0%1/+'/ 10+.- YK*:
*#"'#?'"@ YK* +0 ,26' %# #A'",%' +. ,31'#10 6+31+/0@ 0#
$#"A&#6#-+8,6 0%1/+'0 8,. 2' A'"!#"$'/ +. %&' .,%+?' '.9
?+"#.$'.% #! 018& 2+#$,%'"+,60: O. "'8'.% 0%1/+'0 %&' +.%'",89
%+#. 2'%<''. 6'1>#87%'0 ,./ -678#076,%'/ "'8'A%#"0 <,0 !#69
6#<'/@SVB@VZU ,./ %&' 'P%'.0+#. #! $18+.0 <,0 #20'"?'/ !#"
8'"%,+. 8#./+%+#.0:SV[@V\U N+-&9"'0#61%+#. YK* 0%1/+'0 #! %&'
,/0#"A%+#. #! -678#A"#%'+.0 #.%# 01"!,8'0 #! ,$+.'9"',8%+?'
0'6!9,00'$26'/ $#.#6,7'"0 F(Y*0J ,./ -#6/ &,?' "'?',6'/
%&,% YK* +0 ,26' %# $#.+%#" 0+.-6' 2+#$#6'816'0 %&"#1-& 0'?9
'",6 8&'$+8,6 ,./ A&70+8,6 A"#8'00'0@SV]U ,./ YK* A'"!#"$'/
,% .,.#$'%'" "'0#61%+#. #. 6+?' A,.8"',%+8 ,8+.," 8'660 0&#<'/
A+%96+>' 0%"18%1"'0 8#.%,+.+.- %7A+8,667 %&"'' #" !#1" /'A"'09
0+#.0 #! V[; .$ +. /+,$'%'"@ <&+8& ,"' ,00+-.'/ %# !10+#.
A#"'0 ,% %&' ,A+8,6 A6,0$, $'$2",.':SV^U

G.' +.%'"'0%+.- !',%1"' #! 2+#$,%'"+,60 +0 %&,% 2+#$#6'816,"
8"70%,60 'P&+2+% 0+$+6,"+%7 %# , -"',% 'P%'.%@ <&+8& $',.0 %&,%
%&'+" ,"8&+%'8%1"'@ 0+M'@ ,./ 0&,A' ,"' ,6$#0% +/'.%+8,6 !#"
-+?'. A"'A,",%+#. 8#./+%+#.0: _'8'.%67@ %&' ,.,670+0 #! YK*
+$,-'0 #! 45 ,31,A#"+.9` $'$2",.' A"#%'+. 8"70%,60 7+'6/'/
6,./08,A'0 +. !"'' '.'"-7 !#" /#$,+.0 <+%&+. 0+.-6' A"#%'+.

$#6'816'0 FK+-: 4J:SVT@4;U )&' "'0',"8&'"0 ,AA6+'/ A"#8'00+.-
%'8&.+31'0 >.#<. !"#$ %&' ,.,670+0 #! )I* +$,-'0 #!@ !#" 'P9
,$A6'@ ?+"10'0 #" $+8'66'0: K"#$ ",< YK* /,%, FK+-: 4YJ@ ,.
,?'",-' %#A#-",A& !#" , 0+.-6' A"#%'+. 8"70%,6 +0 8,6816,%'/
FK+-: 4XJ@ ,./ %&' 0%,./,"/ /'?+,%+#. !"#$ %&+0 ,?'",-' 0%"189

%1"' #! ,66 %&' A"#%'+. %#A#-",A&0 8,. 2' 10'/ %# /'"+?'
%&' 8#.!#"$,%+#.,6 0A,8' #! %&' A"#%'+. <+%&+. +%0 8"70%,6
FK+-: 4LJ: L#""'0A#./+.-67@ %&' A"#2,2+6+%7 /+0%"+21%+#. #! %#9
A#-",A&+8 A',>0 +. %&' A"#%'+. 8"70%,60 1./'" %&'"$,6 $#%+#.
FK+-: 45J ,./ %&' !"''9'.'"-7 6,./08,A' FK+-: 4IJ 8,. 2' 8,69
816,%'/@ ,./@ !+.,667@ 8#""'6,%'/ <+%& %&' ,%#$+8 0%"18%1"' #!
%&' A"#%'+. 8"70%,6 FK+-: 4KJ:
5'0+-. #! 07.%&'%+8 $#6'816'0 <+%& 2+#!1.8%+#.,6+%7 +0

,.#%&'" &#% %#A+8@ ,./ ,AA',6+.- <#"> &,0 2''. "'A#"%'/
"'8'.%67: _'0',"8&'"0 /'08"+2'/ %&' 07.%&'0+0 #! A#"A&7"+.

!
"
#
$
"
%&

&
"
%!

#
"
'

!" #$$%!"#$%%&%' ()*+, -&#)*.#*/0

&'(" )*+,-" !""#1 ./1 234252366 $$$%&'()&*%'+ 7 4889 :;<=>?@AB @,)C$' DE+B F A*G HD$I1 :,&%J,&E ,-!.

/0123+ !% IK B&'J?),.*CLM&*% )$N O$M$ IP- &E$', *Q $% $RL$/*)&%?S
TIR/SK 4U #)0.M$CG VJ, #&)#C,. &%O&#$M, &%O&W&OL$C ,XM)$#,CCLC$) /)*M,&%
E*C,#LC, .L)Q$#,.G "#$C, +$)1 28 %EY QLCC ')$0 .#$C,1 2 %EG ZK V*/*')$/J
*Q $ .&%'C, /)*M,&% Q)*E $W,)$', *Q 2[\\ $C&'%,O M)&E,).G "#$C, +$)1 2 %EY
')$0 .#$C, )$%',1 8G8258G8\ %EG AK "M$%O$)O O,W&$M&*% E$/ $+*LM MJ,
$W,)$',O .M)L#ML), &% TZKG UK ()*+$+&C&M0 /*.&M&*% E$/G "#$C, +$)1 2 %EG
=K P),,?,%,)'0 C$%O.#$/, #$C#LC$M,O Q)*E TUKG PK I E*%*E,) *Q MJ, /*)&%
IR/S $M*E&# E*O,C N&MJ *W,)C$0 *Q MJ, QLCC N&OMJ $M J$CQ E$X&ELE *LM?
C&%,G A)*..,. &%O&#$M, J&'J?/)*+$+&C&M0 /*.&M&*%.Y MJ, ),O C&%, &. MJ, M*/
/)*+$+&C&M0 M)$#&%' C&%, *Q C**/ AG V)$%.E,E+)$%, J,C&#,. $), %LE+,),O
&% &M$C&#.G B,C&#,. 2 $%O 4 $), #*%%,#M,O +0 C**/ I2Y J,C&#,. 6 $%O [ $),
#*%%,#M,O +0 C**/ I6G A*%M*L) I4 #*)),./*%O. M* MJ, /)*M)LO&%' ,%O *Q
J,C&X 6 *LM *Q MJ, E,E+)$%, .L)Q$#,G VJ, #*C*). *Q MJ, J,C&#,. &%O&#$M,
MJ, /$&)&%' M* Q*)E MJ, C**/.G ],/)&%M,O N&MJ /,)E&..&*% Q)*E ^2_`G A*/0?
)&'JM 4886 III"G

!"#$ %&' ()* +$,-' ,./ 0120'31'.% 45 +$,-' ,.,670+0 , 8#.9
0%,.% /+0%,.8' #! 4:; .$ 2'%<''. %&' 8#.=1-,%'/ 2,8>2#.'0
8#16/ 2' /'"+?'/@ <&+8& 8,. 2' 8#$A,"'/ <+%& B5 #" 216>
8"70%,66#-",A&+8 /,%, #2%,+.'/ 27 C9",7 /+!!",8%+#. ,.,670+0:
(18& !1.8%+#.,6 #"-,.+8 $#6'816'0 <+%& <'669/'!+.'/

0%"18%1"' ,"' %&' 21+6/+.- 26#8>0 !#" 0#98,66'/ D#"-,.+8 '6'89
%"#.+80E@ 018& ,0 #"-,.+8 6+-&%9'$+%%+.- /+#/'0 FGHI50J@
#"-,.+8 !+'6/9'!!'8% %",.0+0%#"0 FGKI)0J@ #" A&#%#?#6%,+8
/'?+8'0: L&'$+8,6 8#$A#0+%+#. ,./ 6#8,6 #"-,.+M,%+#. #! %&'
,8%+?' 6,7'" '.!#"8'/ 27 %&' ,AA6+'/ A"#8'00+.- 8#./+%+#.0
&,?' 2''. +/'.%+!+'/ ,0 +$A#"%,.% A,",$'%'"0 /'%'"$+.+.- %&'
A'"!#"$,.8' #! #"-,.+8 '6'8%"#.+8 /'?+8'0: N#<'?'"@ '0%,29
6+0&$'.% #! A"'8+0' "'6,%+#.0 2'%<''. %&'0' A,",$'%'"0 ,./
/'?+8' A'"!#"$,.8' +0 A"'0'.%67 6+$+%'/ 27 %&' 6,8> #! $'%&9
#/0 !#" 0%"18%1",6@ 8#$A#0+%+#.,6@ ,./ $#"A&#6#-+8,6 ,.,670+0
<+%& F012J.,.#$'%'" "'0#61%+#.: O. %&+0 8#.%'P%@ (Q* <+%& +%0
?'"7 6#8,6+M'/ .,%1"' #! A"#2+.- 01"!,8'0 &,0 !#1./ $,.7
,AA6+8,%+#.0 +. 0%1/+'0 #! %&' #"-,.+M,%+#. ,./ ,00'$267 #!
!1.8%+#.,6 $#6'816'0 #. ?,"+#10 0120%",%'0: R+01,6+M,%+#. #!
0'6!9,00'$26'/ 45 8"70%,60 #! "'-+#"'-16," A#67F/+#8%762+%&+#9
A&'.'9!"#9!61#"'.#.'J@STU %&' %<#9/+$'.0+#.,6 A,%%'". !#"$,9
%+#. #! 8&+",6 #6+-#F$9A&'.76'.'?+.76'.'J /'"+?,%'0 #! /+!!'"9
'.% 6'.-%&0@SV;U %&' !#"$,%+#. #! P'.#.9$'%,66#A#"A&7"+.
8#$A6'P'0 #. %&' L1F;;VJ 01"!,8'@SVVU ,./ %&' #20'"?,%+#. #!
#"/'"'/ A#6," $#6'816'0 %",AA'/ #. .,.#0%"18%1"'/ +.016,%+.-
0120%",%'0SV4U ,"' #.67 , !'< 'P,$A6'0 #! 0#A&+0%+8,%'/ 10'0
#! (Q* %# 2'%%'" 1./'"0%,./ %&' #"-,.+M,%+#. #! 018&
#"-,.+8 $,%'"+,60 ,./ %&'+" +.%'",8%+#. <+%& 01"!,8'0 #. %&'
F012J.,.#$'%'" 08,6':
G%&'" +.%"+-1+.- "'0',"8& ,"',0@ +. <&+8& >.#<6'/-' #! %&'

6#8,6 #"-,.+M,%+#. #! $#6'816'0 +0 #! 1%$#0% +$A#"%,.8'@ ,"'
%&' 2+#8&'$+8,6 ,./ 2+#$,%'"+,6 08+'.8'0: W./'"0%,./+.- %&'
!1.8%+#.,6+%7 #! 2+#$#6'816'0 ,./ $+$+8>+.- +% 27 07.%&'%+8
$,%'"+,60 ,"' %<# $,+. #2='8%+?'0 #! "'8'.% "'0',"8& 0%1/+'0:
X'8,10' #! %&'+" +.016,%+.- 8&,",8%'"@ 6+?+.- 8'660@ 8'6616,"
0%"18%1"'0@ ,./ 2+#$#6'816'0 ,"' $,+.67 0%1/+'/ 10+.- YK*:
*#"'#?'"@ YK* +0 ,26' %# #A'",%' +. ,31'#10 6+31+/0@ 0#
$#"A&#6#-+8,6 0%1/+'0 8,. 2' A'"!#"$'/ +. %&' .,%+?' '.9
?+"#.$'.% #! 018& 2+#$,%'"+,60: O. "'8'.% 0%1/+'0 %&' +.%'",89
%+#. 2'%<''. 6'1>#87%'0 ,./ -678#076,%'/ "'8'A%#"0 <,0 !#69
6#<'/@SVB@VZU ,./ %&' 'P%'.0+#. #! $18+.0 <,0 #20'"?'/ !#"
8'"%,+. 8#./+%+#.0:SV[@V\U N+-&9"'0#61%+#. YK* 0%1/+'0 #! %&'
,/0#"A%+#. #! -678#A"#%'+.0 #.%# 01"!,8'0 #! ,$+.'9"',8%+?'
0'6!9,00'$26'/ $#.#6,7'"0 F(Y*0J ,./ -#6/ &,?' "'?',6'/
%&,% YK* +0 ,26' %# $#.+%#" 0+.-6' 2+#$#6'816'0 %&"#1-& 0'?9
'",6 8&'$+8,6 ,./ A&70+8,6 A"#8'00'0@SV]U ,./ YK* A'"!#"$'/
,% .,.#$'%'" "'0#61%+#. #. 6+?' A,.8"',%+8 ,8+.," 8'660 0&#<'/
A+%96+>' 0%"18%1"'0 8#.%,+.+.- %7A+8,667 %&"'' #" !#1" /'A"'09
0+#.0 #! V[; .$ +. /+,$'%'"@ <&+8& ,"' ,00+-.'/ %# !10+#.
A#"'0 ,% %&' ,A+8,6 A6,0$, $'$2",.':SV^U

G.' +.%'"'0%+.- !',%1"' #! 2+#$,%'"+,60 +0 %&,% 2+#$#6'816,"
8"70%,60 'P&+2+% 0+$+6,"+%7 %# , -"',% 'P%'.%@ <&+8& $',.0 %&,%
%&'+" ,"8&+%'8%1"'@ 0+M'@ ,./ 0&,A' ,"' ,6$#0% +/'.%+8,6 !#"
-+?'. A"'A,",%+#. 8#./+%+#.0: _'8'.%67@ %&' ,.,670+0 #! YK*
+$,-'0 #! 45 ,31,A#"+.9` $'$2",.' A"#%'+. 8"70%,60 7+'6/'/
6,./08,A'0 +. !"'' '.'"-7 !#" /#$,+.0 <+%&+. 0+.-6' A"#%'+.

$#6'816'0 FK+-: 4J:SVT@4;U )&' "'0',"8&'"0 ,AA6+'/ A"#8'00+.-
%'8&.+31'0 >.#<. !"#$ %&' ,.,670+0 #! )I* +$,-'0 #!@ !#" 'P9
,$A6'@ ?+"10'0 #" $+8'66'0: K"#$ ",< YK* /,%, FK+-: 4YJ@ ,.
,?'",-' %#A#-",A& !#" , 0+.-6' A"#%'+. 8"70%,6 +0 8,6816,%'/
FK+-: 4XJ@ ,./ %&' 0%,./,"/ /'?+,%+#. !"#$ %&+0 ,?'",-' 0%"189

%1"' #! ,66 %&' A"#%'+. %#A#-",A&0 8,. 2' 10'/ %# /'"+?'
%&' 8#.!#"$,%+#.,6 0A,8' #! %&' A"#%'+. <+%&+. +%0 8"70%,6
FK+-: 4LJ: L#""'0A#./+.-67@ %&' A"#2,2+6+%7 /+0%"+21%+#. #! %#9
A#-",A&+8 A',>0 +. %&' A"#%'+. 8"70%,60 1./'" %&'"$,6 $#%+#.
FK+-: 45J ,./ %&' !"''9'.'"-7 6,./08,A' FK+-: 4IJ 8,. 2' 8,69
816,%'/@ ,./@ !+.,667@ 8#""'6,%'/ <+%& %&' ,%#$+8 0%"18%1"' #!
%&' A"#%'+. 8"70%,6 FK+-: 4KJ:
5'0+-. #! 07.%&'%+8 $#6'816'0 <+%& 2+#!1.8%+#.,6+%7 +0

,.#%&'" &#% %#A+8@ ,./ ,AA',6+.- <#"> &,0 2''. "'A#"%'/
"'8'.%67: _'0',"8&'"0 /'08"+2'/ %&' 07.%&'0+0 #! A#"A&7"+.
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!" #$$%!"#$%%&%' ()*+, -&#)*.#*/0

&'(" )*+,-" !""#1 ./1 234252366 $$$%&'()&*%'+ 7 4889 :;<=>?@AB @,)C$' DE+B F A*G HD$I1 :,&%J,&E ,-!.

/0123+ !% IK B&'J?),.*CLM&*% )$N O$M$ IP- &E$', *Q $% $RL$/*)&%?S
TIR/SK 4U #)0.M$CG VJ, #&)#C,. &%O&#$M, &%O&W&OL$C ,XM)$#,CCLC$) /)*M,&%
E*C,#LC, .L)Q$#,.G "#$C, +$)1 28 %EY QLCC ')$0 .#$C,1 2 %EG ZK V*/*')$/J
*Q $ .&%'C, /)*M,&% Q)*E $W,)$', *Q 2[\\ $C&'%,O M)&E,).G "#$C, +$)1 2 %EY
')$0 .#$C, )$%',1 8G8258G8\ %EG AK "M$%O$)O O,W&$M&*% E$/ $+*LM MJ,
$W,)$',O .M)L#ML), &% TZKG UK ()*+$+&C&M0 /*.&M&*% E$/G "#$C, +$)1 2 %EG
=K P),,?,%,)'0 C$%O.#$/, #$C#LC$M,O Q)*E TUKG PK I E*%*E,) *Q MJ, /*)&%
IR/S $M*E&# E*O,C N&MJ *W,)C$0 *Q MJ, QLCC N&OMJ $M J$CQ E$X&ELE *LM?
C&%,G A)*..,. &%O&#$M, J&'J?/)*+$+&C&M0 /*.&M&*%.Y MJ, ),O C&%, &. MJ, M*/
/)*+$+&C&M0 M)$#&%' C&%, *Q C**/ AG V)$%.E,E+)$%, J,C&#,. $), %LE+,),O
&% &M$C&#.G B,C&#,. 2 $%O 4 $), #*%%,#M,O +0 C**/ I2Y J,C&#,. 6 $%O [ $),
#*%%,#M,O +0 C**/ I6G A*%M*L) I4 #*)),./*%O. M* MJ, /)*M)LO&%' ,%O *Q
J,C&X 6 *LM *Q MJ, E,E+)$%, .L)Q$#,G VJ, #*C*). *Q MJ, J,C&#,. &%O&#$M,
MJ, /$&)&%' M* Q*)E MJ, C**/.G ],/)&%M,O N&MJ /,)E&..&*% Q)*E ^2_`G A*/0?
)&'JM 4886 III"G

Joachim Loos, Advanced Materials (2005) 17, 1821–1833.

AFM is better for non-conducting (inhomogeneously conducting) samples.
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AFM example 2: Imaging degradation

!"#$%&' ()*&+$ #, -".)-$/ 012 )$/3-&) -" +#"$'#44&3 &"5-'#".
6&"$(4 +#"3-$-#") -) $%& 5-)/(4-7($-#" #, #'8("-7($-#" ("3 '&.
#'8("-7($-#" *'#+&))&) #, *#496&' 6($&'-(4) ($ +%("8-"8 $&6.
*&'($/'&): ;# +-$& </$ ( ,&=> !?2 -6(8-"8 =() *&',#'6&3 #"
$%& +'9)$(44-7($-#" *'#+&)) #, *#49@*'#*94&"& #A-3&B ,'#6 $%&
6&4$CDEF ("3 3/'-"8 (""&(4-"8 ("3 6&4$-"8 #, )-"84& +'9)$(4) #,
*#49&$%94&"&CDG>DHF ("3 4#"8 !.(4I("&)>CDJF '&)*&+$-5&49> $# ,#44#=
3&$(-4) #, $%& 6#'*%#4#8-+(4 +%("8&):

!" #$%&'()*(+,-../ 01'*)2*

K(4("+&3 (8(-")$ $%& ($$'(+$-5& ,&($/'&) #, 012> )/+% () -$)
*#$&"$-(4 ,#' %-8% ("3 &5&" ($#6-+ '&)#4/$-#" -6(8-"8 #, 6($.
$&'> "#".3&)$'/+$-5& *'#<-"8 /"3&' 5('-#/) &"5-'#"6&"$(4
+#"3-$-#")> ("3 -$) %-8% "/6<&' #, #*&'($-"8 6#3&) ,#' $%& 3&.
$&+$-#" #, 3-,,&'&"$ -"$&'(+$-#") <&$=&&" *'#<& ("3 )(6*4&> -)
( 6(L#' 3'(=<(+I #, +#"5&"$-#"(4 012M -$) )4#= -6(8-"8
)*&&3 +#6*('&3 =-$% #$%&' 6-+'#)+#*-+ $&+%"-N/&)> =%-+% -)
6(-"49 +(/)&3 <9 -$) )&'-(4> *#-"$.<9.*#-"$ 6&()/'-"8 #*&'(.
$-#": ;%& +#"5&"$-#"(4 (+N/-)-$-#" '($& ,#' #"& ,'(6& -) #" $%&
#'3&' #, )&+#"3) $# 6-"/$&) ,#' 012> =%-+% 3#&) "#$ *'#5-3&
3-'&+$ ("3 -")$("$("&#/) ,&&3<(+I ,'#6 $%& -")$'/6&"$ $#
$%& #*&'($#'> ("3 4-6-$) )$/3-&) #" 39"(6-+) $%($ +(" <& (3.
3'&))&3 <9 012 $# )4#= *'#+&))&):

;%& 6(A-6/6 (+N/-)-$-#" '($& #, 012 -) 3-+$($&3 <9 )&5&'(4
,(+$#')M $%& '&)*#")& $-6& #, $%& 3&$&+$-#" 6&+%("-)6> =%-+%

-) '&4($&3 $# $%& +("$-4&5&' /)&3 ("3 )-8"(4
'&(3#/$> $%& (+$/($#' #' )+(""&'> ("3 $%&
,&&3<(+I ("3 3'-5-"8 &4&+$'#"-+): ;%& 3&.
5&4#*6&"$ #, "&= )6(44 +("$-4&5&') -" $%&
4($& OPPQ) =-$% '&)#"("+& ,'&N/&"+-&) #'.
3&') #, 6(8"-$/3& %-8%&' $%(" +#"5&"$-#"(4
+("$-4&5&')CDPF ("3 $%& ,()$ &4&+$'#"-+) #,
6#3&'" +#"$'#44&') =-$% 4('8& <("3=-3$%CRQF

6(3& $%& '($&.4-6-$-"8 ,(+$#' $%& 6&+%("-.
+(4 3&)-8" #, $%& )+(""-"8 ("3 3&$&+$-#"
/"-$) #, $%& -")$'/6&"$:CROF

;# #5&'+#6& $%& '($& 4-6-$($-#" #, +#".
5&"$-#"(4 012> /4$'(%-8%.)*&&3 0ST2 %()
<&&" 3&5&4#*&3 -" K'-)$#4 @UVB =-$% $%&
+(*(<-4-$9 #, OQQ ("3 6#'& ,'(6&) *&' )&+.
#"3:CRWF U)-"8 $%& *'-"+-*4& #, *%#$#" )+(".
"-"8 $/""&4-"8 6-+'#)+#*9 @10;2B> $%&9
)/<)$("$-(449 -6*'#5&3 $%& )-8"(4.$#."#-)&
'($-#> =%-+% '&)/4$&3 -" (" -"+'&()&3 #*$-+(4
<("3=-3$%> ("3 $%&9 '&3&)-8"&3 $%& 6&.
+%("-+(4 )+(" )9)$&6> 6(-"49 <9 3-5-3-"8 -$
-"$# ( ,()$ )+(""-"8 3-'&+$-#" ("3 ( )4#=
#"&: ! *'#<& 6#/"$&3 #" ( $/"-"8 ,#'I
("3 3'-5&" =-$% ,'&N/&"+-&) #, $&") #, I-4#.
%&'$7 ("3 (6*4-$/3&) #, 6-+'#6&$&') +#5.
&') $%& ,()$ )+(""-"8 3-'&+$-#"> =%&'&() $%&
)4#= )+(""-"8 3-'&+$-#" -) )*(""&3 -" (
)-6-4(' 6(""&' $# +#"5&"$-#"(4 )+(" )9).
$&6) /)-"8 ( *-&7# )$(+I #*&'($-"8 ,(' (=(9

,'#6 -$) "($/'(4 '&)#"("+&: T"+& 6#'&> $%& ($$'(+$-5& ,&($/'&
#, $%-) )9)$&6 -) $%& %-8% ,'(6& (+N/-)-$-#" '($&> =%-+% (44#=)
$-6& '&)#4/$-#" 3#=" $# <&4#= OQ 6): X&+&"$49> $%& )(6& '&.
)&('+% 8'#/* %() -"$'#3/+&3 )#.+(44&3 Y-3&#!?2>CRDF =%-+%
/)&) ( )-6-4(' #*&'($-"8 *'-"+-*4& () $%& /4$'(%-8%.)*&&3
0ST2: ?'(6& '($&) %-8%&' $%(" $&4&5-)-#" '($&) ('&
(+%-&5&3 =-$% $-6& '&)#4/$-#" #, <&$$&' $%(" EQ 6): 0-6-4('
,'(6& '($&) =&'& '&(4-7&3 <9 !?2) 3&5&4#*&3 <9 !6&'-.
+("CRRF ("3 Z(*("&)& '&)&('+% 8'#/*):CREF ;%& 4($$&' !?2 )&$.
/* -) <()&3 #" +/)$#6.</-4$ )6(44 +("$-4&5&') ("3 ( )*&+-(4
)+(""&' 3&)-8"> ("3 -) (<4& $# '&(+% $-6& '&)#4/$-#" #, (<#/$
JQ 6): U4$-6($&49> $%& %-8% $-6& ("3 )*($-(4 '&)#4/$-#" #,
$%&)& 6#3&'" -")$'/6&"$) =-44 #*&" /* ( =-3& ,-&43 #,
*#$&"$-(4 (**4-+($-#") ,#' )$/39-"8 39"(6-+) #, 6($&'-(4) -"
$%& "("#=#'43:

3" 4.562/ 01'*)2*7 869'$ :&6-.&%).; 6< ='%%.&

;%& )*&+-,-+ +%('(+$&'-)$-+ #, 012> -:&:> $%& *#-"$.<9.*#-"$
*'#<-"8 #, -"$&'(+$-#") <&$=&&" (" /4$'(.)%('* $-* ("3 ( )(6.
*4& )/',(+&> (44#=)> <&)-3&) 6#"-$#'-"8 #, $%& )(6*4& $#*#8'(.
*%9> 6&()/'&6&"$ #, *'#*&'$-&) #, 6($$&' =-$% %-8% )*($-(4
'&)#4/$-#": ;%-) 6(I&) /) (<4& $# '&4($& 4#+(4 6#'*%#4#8-+(4
,&($/'&) #, $%& "("#=#'43 $# $%&-' *'#*&'$-&)> ("3 #,,&') $%&
*#$&"$-(4 $# /"3&')$("3 )$'/+$/'&[*'#*&'$9 '&4($-#") #" $%&
"("#6&$&' )+(4&:

!
"
#
$
"
%&

&
"
%!

#
"
'

!" #$$%!"#$%%&%' ()*+, -&#)*.#*/0

&'(" )*+,-" !""#1 ./1 234252366 $$$%&'()&*%'+ 7 4889 :;<=>?@AB @,)C$' DE+B F A*G HD$I1 :,&%J,&E ,-!#

./012+ 3% A*%K&%L*L. IM- J,&'JK &E$',. *N (O6BPQ E,CK?#)0.K$CC&R,S KJ&% N&CE O#)0.K$CC&R$K&*%
K,E/,)$KL), 0# T 248 UAQ +,N*), OIQ $%S SL)&%' OP5MQ ,%R0E$K&# S,')$S$K&*% +0 (BP S,/*C0?
E,)$., N)*E 1*2%+$34* 5467,++44 V2 $K 48 UAG VJ, N&).K N)$E, OIQ W$. K$X,% &% $ /J*./J$K, +LNN,)
.*CLK&*%G VJ, N*CC*W&%' N)$E,. OP5MQ W,), ),#*)S,S SL)&%' ,%R0E$K&# S,')$S$K&*% N*) 29 OPQ1
68 OAQ1 Y9 OZQ1 [8 O=Q1 $%S \8 E&% OMQG VJ, $))*W. 2 &%S&#$K, KJ, S,')$S$K&*% N)*E KJ, .L)N$#,
*N C$E,CC$) #)0.K$C $C*%' KJ, #)0.K$CC*')$/J&# *? $%S 6?$],.G ;% ),'&*% 41 KJ, C$E,CC$) #)0.K$C W$.
J0S)*C0R,S N)*E KJ, ,%S *) ,S', $C*%' KJ, *?$]&.1 $%S KJ, C,%'KJ *N N&+,)?C&X, #)0.K$C &%#),$.,S
W&KJ K&E, $C*%' KJ, *?$]&. N*) Y9 E&% OP5ZQ1 N*CC*W,S +0 $ S,#),$., &% KJ, C,%'KJ O=5MQG I)?
)*W 6 &%S&#$K,. KJ, N)$'E,%K ',%,)$K,S +0 ,%R0E$K&# S,')$S$K&*% $C*%' KJ, 8?$]&.G ^,/)&%K,S
W&KJ /,)E&..&*% N)*E _6Y`G A*/0)&'JK 488Y IE,)&#$% AJ,E&#$C "*#&,K0G

Joachim Loos, Advanced Materials (2005) 17, 1821–1833.

Enzymatic degradation of poly[(R)-3-hydroxybutyric acid] in a phosphate buffer.
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AFM example 3: forces

!"#" $%&'()*'+% ,)-.&)(*&/

!" #$%&'(" )* +$ ,'-%.--$, -$/$012 -&.,'$- ,$12'"3 +'&4 5(6
2$%.210 51&$0'12- 7$'"3 %(",.%&'/$ (0 -$5'%(",.%&'/$8 94$-$
5(2$%.2$- 41/$ &4$ :(&$"&'12 &( 7$%(5$ &4$ 7.'2,'"3 72(%;-
<(0 "1"(-%12$ $2$%&0("'% ,$/'%$-8 =.& 4(+ %1" +$ 5$1-.0$
&4$'0 $2$%&0'%12 %4101%&$0'-&'%-> !" &4$ %1-$ (< -:$%'12 <."%6
&'("12 (031"'% 5(2$%.2$-* -(5$&'5$- ("2? 5'22'3015- (< 51&$6
0'12 10$ :0$-$"&* 1", 5$1-.0$5$"&- (< &4$ '"&0'"-'% %(",.%&'/6
'&? (< "1"(:10&'%2$- (0 "1"(:(+,$0- '- -&'22 %4122$"3'"38 #@A
&$%4"'B.$- 122(+* <(0 %$0&1'" (:$01&'"3 %(",'&'("-* &4$ -$2$%6
&'(" (< '"&$0$-&'"3 <$1&.0$-* (0 $/$" '",'/',.12 5(2$%.2$- (0
"1"(:10&'%2$-* 1", &4$ %(22$%&'(" (< ,1&1 0$21&$, &( $2$%&0'%12
:0(:$0&'$- (< &4$-$ -15:2$- +'&4 4'34 -:1&'12 0$-(2.&'("8
C- 1 <'0-& 1&&$5:& &( 0$21&$ $2$%&0'%12 :0(:$0&'$- &( "1"(-%12$

-15:2$-* 2$& .- <(%.- (" %107(" "1"(&.7$- DEF9-G8 94$ %("6
,.%&'/'&? (< EF9- ,$:$",- (" &4$'0 '"&$0"12 -&0.%&.0$H &4$?
51? 7$41/$ 1- 5$&122'% (0 -$5'%(",.%&'"3 +'&4 51"? 2$/$2- (<

%(",.%&'/'&?8 94.-* <(0 1::2'%1&'("- (< EF9- &4$ $I1%& 0$21&'("
7$&+$$" EF9 -&0.%&.0$ 1", %(",.%&'/'&? 41- &( 7$ ;"(+" '"
,$&1'28 !" 1 -'5:2$ %1-$ D+'&4 0$-:$%& &( &4$ #@A &$%4"'B.$
.-$,G* %("/$"&'("12 CJA 41- 7$$" .-$, &( '513$ &4$ :0(:$0
%("-&0.%&'(" (< 1 ,$/'%$ 71-$, (" ("$ -'"32$6+122$, EF9* 1",
&4$ $2$%&0'% %4101%&$0'-&'%- (< &4$ ,$/'%$ +$0$ 5$1-.0$, .-'"3
51%0(-%(:'% %("&1%&-8KL)M A(0$ -(:4'-&'%1&$, '- &4$ 1::2'%1&'("
(< #9A &( (7&1'" '"<(051&'(" (" &4$ 2(%12 ,$"-'&? (< -&1&$-
DNOP#G (< 1 -'"32$6+122$, EF9 D#QEF9* J'38 RG8KLSM !" &4'-
%1-$* &4$ #9A (:$01&$- '" .2&014'34 /1%..5 1& 2(+ &$5:$016
&.0$- (< 17(.& TU V8 !"<(051&'(" (" &4$ ,'<<$0$"&'12 %(",.%&'/6
'&?* +4'%4 %(00$-:(",- &( &4$ NOP#* 1- +$22 1- &4$ 1&(5'%
-&0.%&.0$ (< 1 EF9* +1- 1%4'$/$,* +4'%4 %(.2, 7$ .-$, <(0
<.0&4$0 &4$(0$&'%12 %12%.21&'("- (< EF9$2$%&0'%12 :0(:$0&'$-8KLUM

=$-',$ '"/$-&'31&'(" (< EF9-* &4$ $2$%&0'%12 7$41/'(0 (<
A(#! "1"(&.7$- +1- 1"12?W$, 7? 1::2?'"3 #9A 1", -%1""'"3
&.""$2'"3 -:$%&0(-%(:? D#9#G8 94$ 21&&$0 5$1"- &41& 2(%12 %.06
0$"&X/(2&13$ %.0/$- +$0$ (7&1'"$, 1& $1%4 :('"& (< &4$ -%1"8
94$ 0$-.2&- %("<'05$, &4$ 5$&122'% %(",.%&'/'&? (< '",'/',.12
"1"(&.7$- DJ'38 LG8KLYM P&4$0 1::$12'"3 &$%4"'B.$- 71-$, ("
$2$%&0'%12 #9A 5$1-.0$5$"&- 10$* <(0 $I15:2$* '"$21-&'% $2$%6
&0(" &.""$2'"3 -:$%&0(-%(:? D!Z9#G* &( 31'" '"<(051&'(" ("
5(2$%.210 /'701&'("12 5(,$-*KLR*LLM <(0 $I15:2$ (< #CA- (<
,$%1"$&4'(2 (" 3(2,HKL[M 0$5(&$67$156'",.%$, %.00$"& '" -%1"6
"'"3 &.""$2 5'%0(-%(:? D#9A6\Z=!EG <(0 &4$ /'-.12'W1&'("
(< $2$%&0'%122? 1%&'/$ 10$1- '" "1"(%0?-&122'"$ -'2'%(" <'25-*KL]M

+4'%4 '- 1" 1&&01%&'/$ 51&$0'12 <(0 (:&($2$%&0("'% ,$/'%$-H 1",
"$31&'/$ ,'<<$0$"&'12 0$-'-&1"%$ DFO\G 5$1-.0$5$"&- (< (06
31"'% &4'" <'25- (< /10'(.- :(2?5$0- (" #' -'"32$ %0?-&12- &( (76
&1'" '"<(051&'(" (" %4103$ &01"-:(0& 5$%41"'-5- &40(.34
-.%4 &4'" <'25-*K[^M &( 5$"&'(" 7.& 1 <$+8
_(+$/$0* &4$ 51'" -4(0&%(5'"3 (< #9A '- &41& '& '- /$0? ,'<6

<'%.2& &( ,'/',$ &4$ (7&1'"$, ,1&1 '"&( &41& (" &(:(301:4? 1",
'"<(051&'(" (" &4$ 2(%12 $2$%&0'%12 :0(:$0&'$-* +4'%4 '- %1.-$,
7? '&- (:$01&'"3 :0'"%':2$` &4$ 5$1-.0$, %.00$"& '- 12-( .-$,
<(0 &4$ <$$,71%; 2((: &41& %("&0(2- &4$ &':X-15:2$ ,'-&1"%$ -(
&41& '"<(051&'(" (" &(:(301:4? 1", $2$%&0'% :0(:$0&'$- '- 126
+1?- (7&1'"$, -'5.2&1"$(.-2?8 9( (/$0%(5$ &4'- 2'5'&1&'("*

!
"
#
$
"
%&

&
"
%!

#
"
'

!" #$$%!"#$%%&%' ()*+, -&#)*.#*/0

&'(" )*+,-" !""#1 ./1 234252366 $$$%&'()&*%'+ 7 4889 :;<=>?@AB @,)C$' DE+B F A*G HD$I1 :,&%J,&E ,-!.

a)

b)

/0123+ #% $K L)$%.E&..&*% ,C,#M)*% E&#)*.#*/0 NL=-K /J*M*. .J*O&%' MJ,
.,PQ,%M&$C .M),M#J&%' $%R +),$S&%' *T .&%'C, UAI #J$&%.G +K I M0/&#$C T*)#,
V.G R&./C$#,E,%M #Q)V, ),#*)R,R $. MJ, IW- M&/ $//)*$#J,. N')$0 C&%,K $%R
),M),$M. N+C$#S C&%,K T)*E $% $''),'$M,?#*$M,R .&C&#*% .Q+.M)$M,G LJ, C&'JM?
')$0 #Q)V, ),/),.,%M. MJ, T*)#, $#M&%' *% MJ, M&/ $. &M E*V,. M*O$)R MJ,
.Q+.M)$M, .Q)T$#, N.M,/ 2K1 OJ&C, $M MJ, #*%M$#M /*&%M N.M,/ 4K1 $%R OJ&C, &M
&. &%R,%M,R &%M* MJ, .$E/C, N.M,/ 6KG LJ, +C$#S C&%, &. MJ, T*)#, $#M&%' *%
MJ, M&/ $. &M E*V,. $O$0 T)*E MJ, .Q)T$#, N.M,/ XKG Y% $''),'$M,?#*$M,R
.Q)T$#,.1 EQCM&/C, )Q/MQ), ,V,%M. T*)E&%' $ .$OM**MJ /$MM,)% O,), $CO$0.
*+.,)V,R RQ)&%' MJ, ),M)$#M&*% /*)M&*% *T MJ, E,$.Q),E,%MG Z,/)&%M,R O&MJ
/,)E&..&*% T)*E [\\]G A*/0)&'JM 488X IE,)&#$% AJ,E&#$C "*#&,M0G

/0123+ 4% LJ, R&TT,),%M&$C #Q)),%M5V*CM$', NR0!R1K ./,#M)QE *T $ E,M$CC&#
":AULG "Q++$%R T,$MQ),. $. O,CC $. *.#&CC$M&*%. %,$) MJ, W,)E& ,%,)'0
$), V&.&+C, N2 ^ 2G9 @1 0 ^ 688 /IKG ;%.,M_ IM*E&#$CC0 ),.*CV,R "L- &E$',
*T $ ":AUL N0 ^ 2 %I1 2.$E/C, ^ 598 E@1 4G6 %E ` a %EKG Z,/)&%M,R O&MJ
/,)E&..&*% T)*E [b6]G A*/0)&'JM 4886 IE,)&#$% ;%.M&MQM, *T (J0.&#.G

!"#" $%&'()*'+% ,)-.&)(*&/

!" #$%&'(" )* +$ ,'-%.--$, -$/$012 -&.,'$- ,$12'"3 +'&4 5(6
2$%.210 51&$0'12- 7$'"3 %(",.%&'/$ (0 -$5'%(",.%&'/$8 94$-$
5(2$%.2$- 41/$ &4$ :(&$"&'12 &( 7$%(5$ &4$ 7.'2,'"3 72(%;-
<(0 "1"(-%12$ $2$%&0("'% ,$/'%$-8 =.& 4(+ %1" +$ 5$1-.0$
&4$'0 $2$%&0'%12 %4101%&$0'-&'%-> !" &4$ %1-$ (< -:$%'12 <."%6
&'("12 (031"'% 5(2$%.2$-* -(5$&'5$- ("2? 5'22'3015- (< 51&$6
0'12 10$ :0$-$"&* 1", 5$1-.0$5$"&- (< &4$ '"&0'"-'% %(",.%&'/6
'&? (< "1"(:10&'%2$- (0 "1"(:(+,$0- '- -&'22 %4122$"3'"38 #@A
&$%4"'B.$- 122(+* <(0 %$0&1'" (:$01&'"3 %(",'&'("-* &4$ -$2$%6
&'(" (< '"&$0$-&'"3 <$1&.0$-* (0 $/$" '",'/',.12 5(2$%.2$- (0
"1"(:10&'%2$-* 1", &4$ %(22$%&'(" (< ,1&1 0$21&$, &( $2$%&0'%12
:0(:$0&'$- (< &4$-$ -15:2$- +'&4 4'34 -:1&'12 0$-(2.&'("8
C- 1 <'0-& 1&&$5:& &( 0$21&$ $2$%&0'%12 :0(:$0&'$- &( "1"(-%12$

-15:2$-* 2$& .- <(%.- (" %107(" "1"(&.7$- DEF9-G8 94$ %("6
,.%&'/'&? (< EF9- ,$:$",- (" &4$'0 '"&$0"12 -&0.%&.0$H &4$?
51? 7$41/$ 1- 5$&122'% (0 -$5'%(",.%&'"3 +'&4 51"? 2$/$2- (<

%(",.%&'/'&?8 94.-* <(0 1::2'%1&'("- (< EF9- &4$ $I1%& 0$21&'("
7$&+$$" EF9 -&0.%&.0$ 1", %(",.%&'/'&? 41- &( 7$ ;"(+" '"
,$&1'28 !" 1 -'5:2$ %1-$ D+'&4 0$-:$%& &( &4$ #@A &$%4"'B.$
.-$,G* %("/$"&'("12 CJA 41- 7$$" .-$, &( '513$ &4$ :0(:$0
%("-&0.%&'(" (< 1 ,$/'%$ 71-$, (" ("$ -'"32$6+122$, EF9* 1",
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Joachim Loos, Advanced Materials (2005) 17, 1821–1833.
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AFM example 4: adhesion effects

http://anasysinstruments.com/notes/afm6_1.jpg
C6381 - Fall 2006        Microscopy       Erika MerschrodAdhesion differences can be independent of stiffness or topography.
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Comparing STM and AFM: probes

www.mse.engin.umich.edu (Millunchick group) mrsec.wisc.edu

STM tips are etched metal wire; AFM tips are fabricated on cantilevers.

STM typically has better lateral resolution due to smaller tips (greater curvature).

AFM is better for poorly conducting samples.
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Typical STM tip problems

www.physics.purdue.edu/ nanophys/uhvstm/tip.html

Tips can have imperfections or can be damaged during use.
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Artifacts: an example

www.weizmann.ac.il (Peter Markiewicz)

Multiple tips or tip damage can yield artifacts (false effects) in images.
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Artifacts: another example

flickr.com

Multiple tips or tip damage can yield artifacts (false effects) in images.
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26/11/08 15:58 Google Image Result for http://www.pacificnanotech.com/images/article/fig26.jpg

Page 1 of 2http://images.google.com/imgres?imgurl=http://www.pacificnanotech.…treaking%26um%3D1%26hl%3Den%26client%3Dsafari%26rls%3Den%26sa%3DN
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A Guide to AFM Image Artifacts

 
Introduction
Probe Artifacts
Scanner Artifacts
Image Processing
Vibrations
Other Sources
All sections (one page version)

Other Sources

Surface Contamination 
Substantial contamination at the surface of a sample such as a fingerprint or oil  film can cause AFM
image artifacts. Such artifacts appear as streaks on the image especially in locations where there are
“sharp” features and edges on the sample’s surface. Often the streaking can be reduced or even
eliminated by cleaning the sample with a high purity solvent.

 

Figures 26A-B: (A) SEM image of a test pattern that is contaminated. (B) AFM image of the same
test pattern that is covered with contamination. The contamination is identified by the streak marks
at the top of the scan.

Electronics 
Image artifacts can appear in AFM scans because of faulty electronics. Artifacts from
electronics most often appear as oscillations or unexplainable repeating patterns in an
image. Electronic ground loops and broken components are usually the source of electronic
noise.

pacificnanotech.com en.wikipedia.org/wiki/Atomic force microscope

Poorly anchored materials can stick to SPM probes
and cause streaking in images.
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www.macdiarmid.ac.nz

AFM tips can scratch soft
materials if the force between
tip and sample is too great.

If the sample is harder than
the tip, the tip can break
during imaging.

Useful variations on these
problems include lithography
(intentional scratching) or
indentation studies (assessing
sample hardness).

Imaging with the same tip
used for lithography or
indentation is convenient, but
may not yield the best image
quality.
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Magnetic Force Microscopy (MFM)

Magnetic Force

Microscopy
Silicon-MFM-Probes

In general, the measurement performance of Magnetic Force Microscopy is a compromise between sensitivity, 

resolution and sample disturbance. High sensitivity to magnetic signal requires a strong magnetic moment of 

the tip. However, this high magnetic moment may disturb the domain structure of the sample itself and usually 

the lateral resolution drops with increasing magnetic moment of the tip. For improvement of the lateral resolution 

sharp High Aspect Ratio tips and thin magnetic coatings are required. Because of the low magnetic moment 

of such thin magnetic films the sensitivity is decreased. An optimum trade-off between lateral resolution and 

sensitivity is necessary.

 

The magnetic domains of low coercivity samples are predominately “wiped out” by hard magnetically coated 

tips. This kind of sample can only be visualised by low coercivity probes which, on the other hand, may change 

their magnetization under the influence of a magnetic sample with higher coercivity. Therefore, in order to 

achieve optimum results, the MFM probe has to be chosen carefully and in accordance with the particular 

sample under investigation.

Topography (left) and magnetic frequency shift image (right) of an experimental hard disk (courtesy of IBM) measured with a 

PPP-MFMR probe (z-range topography: 72nm, magnetic image scale: 22.5Hz).

2 µm 2 µm

For visualisation of magnetic domains by Scanning Probe Microscopy different Magnetic Force Microscopy 

probes are offered. They are designed to match the demands of a wide range of applications defined by the 

variety of magnetic samples with different properties. All the different magnetic coatings of the probes have 

proven an excellent long-term stability.

nanosensors.com

Magnetic tips can provide both topographic and magnetic information.
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MFM measurement basics

veeco.com

Two passes are required to get topographic and magnetic information.
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Relating MFM to sample magnetization

S. Porthun et al. /Journal of  Magnetism and Magnetic Materials 182 (1998) 238 273 243 

• Frequency detection: In this method the canti- 

lever is oscillated directly at its resonance fre- 

quency f using a feedback amplifier with 

amplitude control [33,34]. The change in reson- 

ance frequency can be directly detected by FM 

demodulation techniques. Also in this case the 

images have to be interpreted very carefully since 

an increase in cantilever damping can also re- 

duce the resonance frequency [35]. 

A comparison of the static and dynamic mode 

favours the dynamic mode for high resolution. This 

comparison involves some theoretical and instru- 

mentation aspects and will thus be given in Sec- 

tion 4.1. 

2.2. Magnetic Jbrces on the tip 

A magnetised body, brought into the stray field 

of our sample, will have the magnetic potential 

energy E: 

It0 fM, ip'Hsample dVtip (J). (6) E 

The force acting on an MFM tip can thus be 

calculated by 

= - VE =/~o jV {Mtip-H, ample) dVti p (N). (7) F 

The integration in Eq. (7) has to be carried out over 

the tip volume. In order to simplify calculations 

often simple point dipole [36], elongated dipole or 

monopole models are used for the tips. Calcu- 

lations have been carried out about the MFM 

response of more complicated tips on different 

kinds of magnetic structures [37-40]. 

2.2.1. Reciproci O, 

When the tip has a more complicated shape and 

magnetic structure it is useful to start the simula- 

tion with the tip stray field and to integrate the 

interaction over the whole sample volume [41]. 

According to Newton's law the force on the tip 

magnetisation in the sample stray field should be 

equal to the force on the sample magnetisation in 

the tip magnetic field as described in: 

,//0 I v (Msample'/'/tip) dVsample (N). (8) F 
. )  

Differing from Eq. (7) now the sample magnetisa- 

tion and the tip stray field are considered and the 

integration has to be performed over the sample 

volume. Calculating the force this way can have the 

advantage that the integration volume in the 

sample can be reduced to the regions penetrated by 

the tip stray field. When the response of one tip 

over different samples is calculated this approach 

saves calculations since the stray field of the tip has 

to be calculated only once. 

Both approaches are equivalent. From Eq. (8) 

the important conclusion can be drawn that there is 

no force acting on a tip which has no stray field. 

A soft magnetic tip will be polarised by the sample 

and thus will also have a stray field. Reducing 

the stray field of an MFM tip means reducing the 

signal. Therefore a good detection sensitivity is 

the key requirement for the observation of soft 

magnetic samples as well as for gaining a high 

resolution. 

2.3. Non-magnetic forces on the tip 

Different other forces also act on the tip. With 

increasing distance these forces have a different 

decay rate which is indicated in Fig. 3. They will be 

treated here in some more detail since some of them 

can influence the M F M  images. 

2.3.1. Electrostatic forces 

Above 10 nm distance between tip and sample 

surface next to the magnetic forces also electro- 

static forces are the most important influence on 

the tip. The electrostatic force is given by: 

OC 
Fe, = ~z  V2 (N), (9) 

quantum mechanical forces 

capil lary attraction 

~" van der Waals forces E 

electric and magnetic forces 

4 I- 

I I I I 

I]~ i nm 10nm 100nm 

tip sample distance z,, 

I 

I,um 

Fig. 3. Different forces acting on a magnetic tip and the distance 
region where they dominate the MFM signal. 

Cantilever movement depends on interactions between tip’s magnetic
moment and sample’s magnetic field.

F = µ0

Z
∇(Mtip · Hsample)dVtip

(integrate over tip volume, so approximations (dipole) simplify calculations)

Sample magnetization cannot be determined uniquely from MFM field map.
Model sample magnetization, calculate MFM response, then compare.

S. Porthun, L. Abelmann, C. Lodder J. Magn. Magn. Mater. 182 (1998) 238-273.

E.D. Dahlberg and J.-G. Zhu Physics Today (1995) 34-40.
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MFM and probe effects

The detector side of the cantilever is covered with a reflex coating to enhance signal of the optical read-out 

and, thus, reducing the noise of the optical detection system. The reflex coating is an approximately 30 nm thick 

aluminum coating on the detector side of the cantilever which enhances the reflectivity of the laser beam by a 

factor of about 2.5.

! Comparison of Lateral Resolution

Magnetic images (phase shift) of an experimental hard disk with varied bit length (courtesy of Maxtor).

PPP-MFMR PPP-LM-MFMR PPP-LC-MFMR SSS-MFMR

254 nm

127 nm

85 nm

64 nm

51 nm

42 nm

36 nm

32 nm 500 nm

! General Features

The NANOSENSORS™ Magnetic Force Microscopy probes are based on a well-established cantilever type that is 

specially tailored for the Magnetic Force Microscopy yielding high force sensitivity while simultaneously enabling 

Tapping Mode, Non-Contact and Lift Mode operation in air. In particular, the stiffness of the cantilever is a trade-

off between preventing the tip snapping to the surface during Tapping Mode or Non-Contact Mode operation 

and sensitivity to magnetic forces during Lift Mode operation.

Thickness [µm]

Width [µm]

Length [µm]

Force Constant [N/m]

Resonance Frequency [kHz]

Nominal Value

3

28

225

2.8

75

Technical Data (Cantilever)

nanosensors.com

Different tip shapes and radii of curvature influence lateral resolution.
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