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F P�*XW ; ?@G =�; NQ-%*9> = W×*9PID = -/PIME-mM/*9P F PIN ' 8 F 0!-2* & ? ;�s ? ;7= ?QP ;7= -m* ;7F 8mp�¬3-EPIM/- ;7= - ' *95.-
*9NQ> F q�P F�s P�*6> & F BIPID
M = *954G9-/>/p d P ;4= -�M/*9>4- F KA*2DI?@-EN@-/M ; 5.?@M s ? ;4= PI-EB ; 54*9Nl* ;7F 8V> F 5�å�P F P Ð
R F NS*95Í8 F N@-EM/BINQ-/>âçôv�*9P�*9RIRON@?@-ED�-EN@-/M ; 5.?@M3UI-/N@D�?@PIDIBOM/-/>W* ; ?QP ' DO?@R F N@-+8 F 8C-EP ; ?@P�-%*9M = * ;4F 8iå F 5
8 F N@-EM/BINQ-�*9> ;7= -�M/*9>4-�8C* 'i& -%ç1vÉR F ?@P ; ?QPIG�?@P ;4= -�UJ-/NQD�DO?@54-EM ; ? F Pop d K ;4= -�DI?@-EN@-/M ; 5.?@M�?Q>\8�*9DO-
BIR F KlR F N@*95L8 F N@-EM/BINQ-/>Ev�-%*9M = R�-E548C*9PI-/P ; DI?QR F N@- s ?QN@NØ- ¸ R�-/5.?@-EPIM/-C* ;7F 5.X�BO-C*6G(*9?@P ; 5 ' ?@POG ;4F
*9NQ?@G!P ;7= -iDI?@R F N@-2?@P ;7= -mUJ-/NQD�DI?@5.-/M ; ? F Pop<Ú F6;7= 8V-/M = *9PO?@>48V>�NQ-%*9D ;7F
;4= -iR F NS*654?@¾/* ; ? F P F K
;7= -�DI?Q-/N@-EM ; 54?@M6p ]Y= -�R = ' >4?QM%*9NÍX�BJ*9P ; ? ; ' DI-/>.M/54? & ?@POG ;7= ?Q>�-1È~-EM ; ?@>uM%*9NQN@-/D ;7= -C¡L�\¸�µO�6	ÑèDµO��	T���
DI-EP F9; -ED &�' � sA= ?@M = ?Q> &(' DI-1UJPI? ; ? F P ;7= -iDI?@R F N@-28 F 8C-EP ; ?QPIDIBIME-/DzDIBI- ;4F
;7= -#*9RIRINQ?@-ED
-/NQ-/M ; 54?QMLUJ-/NQD|R�-E5+BOPI? ; 0 F N@BI8V- F K ;7= -HDI?Q-/NQ-/M ; 54?QM9p

]Y= -u8 F DI?QUI-/D � *9BI>4>E�µ>+NS* s K F 5YDI?Q-/N@-EM ; 54?@ME>Y?@>YG!?�0!-EP &(' j

Y¦oçò±ß*H[Z å w p y ç

sA= -E54-�òÿ?Q> ;7= -HDI?Q-/NQ-/M ; 54?QMLDI?@>.RINS*6M/-/8V-/P ; 0!-EM ;4F 5 sA= ?@M = ?@>YDI-1UJPI-EDÜ*9>Ej

ò±ßÖÞ��\U g&� å w p w ç

sA= -E54-3Þ��l?Q> ;7= -AR�-/5.8C? ;4; ?�0�? ; ' F K�KT54-/-A>.RJ*9M/-6p : 0!-E5 ' G F�F D ; 54-/* ; 8V-/P ;hF P ;7= ?Q>�>4B & ,.-/M ; ?@>�G9?Q0!-EP
?@P � · � p

]Y= -�K F NQN F�s ?@POGC?Q> ;4= -�K F 5.M/- & *9NS*9POM/-u-/X�BJ* ; ? F PiK F 5�*9PÜ*95 & ? ; 54*95 ' N F PIG!? ; BIDI?QPJ*9N�-EN@-/8V-/P ;3F K
;7= -uRO?@-/¾ F -EN@-EM ; 5.?@M\*6M ; BI* ;7F 5Hp

H>] e M L å ü LON æ.ç] æ e ß^] ô L å ü L_N æ.ç] ü L å w p½´!ç

d P _ X�BI* ; ? F P w pµ´`M L å ü L_N æ.ç2?Q> ;7= -�R F >4? ; ? F P²?@P³DI?@5.-/M ; ? F P Ð ´Ov ô L å ü LON æ.ç2?Q> ;4= -�> ; 54-E>4>#?QP
DI?Q54-/M ; ? F P Ð ´�*6PID�æW?@> ;4= - ; ?Q8C-L?QP|>4-/M F PIDI>Ep



w »

]Y= -�M F PI> ; ? ; B ; ?�0!-�-EX�BJ* ; ? F PI> F K ;7= -�> ; *9Mâqi*6M ; BI* ;7F 5+54-ENS* ; ?@PIG ;7= -�8V-/M = *9PO?@M%*6NÏ> ; 57*6?@PÜ*6PID
;7= -u-EN@-EM ; 5.?@MLUJ-EN@D2*95.-9j

� L å ü LON æ.çhß ð QL�L ô L å ü LON æ.ç�g f L�L U L å ü LON æ.ç å w pµ·(ç

ò L å ü LON æ.çÍß²Þ SL�L U L å ü LON æ.ç�g f L�L � L å ü LON æ.çð QL�L å w p¿¶9ç

d P _ X�BJ* ; ? F PO> w p�·�*6PID w p½¶^v\ò L å ü LON æ.çY?@> ;7= -�DI?Q-/NQ-/M ; 54?QMuDO?@>4RONS*9ME-/8V-/P ; 09-/M ;7F 5Ev\� L å ü LON æ.çY?@> ;7= -> ; 57*9?QP�?QP�DO?@54-EM ; ? F P Ð ´Ov ðRQL�L ?@> ;7= -�M F 8CRINQ?S*9POM/-�BIPIDO-/5�M F PI> ; *9P ; -/N@-EM ; 54?@M�UJ-EN@D
?QP�DO?@54-EM ; ? F P Ð ´Ov
Þ L�L ?@> ;7= -\DI?Q-/NQ-/M ; 54?QM3R�-/5.8C? ;4; ?�0�? ; ' K F 5W-EN@-EM ; 5.?@M�UI-/N@D�?QP�DI?Q54-/M ; ? F P Ð ´�*9PID|> ; 57*9?QP�?@P�DO?@54-EM ; ? F P Ð ´OvU L å ü LRN æ.çe?Q> ;7= -\-EN@-EM ; 5.?@M�UI-/N@D|?QP�DI?@5.-/M ; ? F P Ð ´�*9POD f L�L ?@> ;4= -\RI?Q-/¾ F -/NQ-/M ; 54?QMLM F PI> ; *9P ;+s ? ;7=�;7= -
>4B & >4ME54?@R ; >W- ¸ RONS*9?QPI-/D�*9> & -EK F 5.-9p : N@> Fu;7= -3M F PO> ; ? ; B ; ?Q09-�54-ENS* ; ? F PO>l*654-�BOPIDI-/5 ;7= -L*9>4>.BI8CR ; ? F P
;7= * ;�;4= -�RI?Q-/¾ F ?@> ;7= ?QPÜ?@P ;4= - F6;7= -E5 ;rseF�s ?QD ;7= *9PID#*9POD ;7= ?QMâq�PI-/>.>\DI?@5.-/M ; ? F PO>L*9PID ;7= -E54-�?Q>
0!-E5 ' NQ? ;4; N@-3M F BIRON@?@POG & - ;rs -E-/P ;4= - ;7= 5.-/-\0�? & 54* ; ? F P�8 F DI-E>/p

�WõJ[ �a? �Éü~÷Iø ýfü�]P?q]höLúéï �Éü\��]hö\ýfü�]P?Vü�ùlöLúHýr÷Iýfùeö��
]Y= -Y-/NQ-/M ; 54?QM%*9N^M F PODI? ; ? F P�?Q>¹G!?�0!-EP &(' � *9BO>4>/��>�NS* s K F 5ÏDI?@-EN@-/M ; 5.?@M/>Ep ]Y= -A*6>4>4BO8CR ; ? F P�8�*9DO-

= -E54-H?@> ;4= * ;A;7= -HRI?Q-/¾ F 8C* ; -/54?@*9N~?Q>A*�RIBI54-H?QPI>4BIN@* ;7F 5/p

] ò L å ü LON æ.ç] ü L ß x å w p½À!ç

_ X�BJ* ; ? F P w p½À�?Q> F & ; *9?QPI-/D &(' BI>.?@PIG _ X�BI* ; ? F P w p y *9POD ;7= -W*9>.>4BI8VR ; ? F P ;4= * ;Ï;7= -lRI?@-E¾ F -/N@-EM ; 54?@M
8C* ; -E54?S*6N�?@>2*êRIBI5.-�?QPI>4BONS* ;4F 5/v sA= ?@M = 8C-/*9PI> ;7= * ; H[Z�ß x p ]Y= -×8C-EM = *9PI?QM%*9N & F BIPIDI*95 '
M F PIDI? ; ? F P�?Q>WG F 0!-E54PI-ED &(' ;4= - s * ' ?QP sA= ?@M =�;7= -HRI?Q-/¾ F ?Q>WM/N@*98VR�-EDop d K F PI-\-/PID F K ;7= -\RO?@-/¾ F
?@>hMENS*98VR�-EDov ;7= -/P ;4= -+8C-EM = *9PI?QM%*9N & F BIPODJ*95 ' M F PIDI? ; ? F P�?@>hG!?Q09-/P &(' ;7= -AK F N@N F�s ?@PIG\-EX�BI* ; ? F PI>/p

M L å x N æ.ç�ß x å w p¿º9ç

ô L å�b N æ.çhß x å w p½Û!ç

d P _ X�BJ* ; ? F P w p½ÛOvcb�54-ERI54-E>4-/P ; > ;7= -uNQ-/PIG ;7=|F K ;4= -H> ; *9Mâq�*9M ; BJ* ;4F 5/p



´ x

d K & F6;7=�;4= -�-EPIDI> F K ;4= -�> ; *9MâqVRI?Q-/¾ F *954-+KT54-/- ;7= -EP ;7= -38C-EM = *9PI?QM%*9N & F BIPIDJ*65 ' M F PODI? ; ? F PI>
*95.-uG9?Q0!-EP &�' ;4= -\K F N@N F�s ?@PIG�-EX�BJ* ; ? F PI>Ep

ô L å x N æ.ç�ß x å w p½»!ç

ô L å�b N æ.çhß x å w p y�x ç

]Y= -�-EN@-EM ; 5.?@M/*9NoM F PIDI? ; ? F P =IF�s -E09-/5L5.-/8C*9?@PI> ;4= -�>4*98V-u?Q545.-/>4R�-/M ; ?�0!- F KØ-E? ;7= -/5A8C-EM = *9PI?QM%*9N
M F PIDI? ; ? F PO>/p

�Wõ�¤ �+ùd?}û3÷Iý}ùlöéù�#�÷2���aî×ðÖ�

_ X�BI* ; ? F P w p½´�M%*6P & -\>4?Q8CRINQ?QUJ-EDop�b¹?Q54> ; BI>4?QPIG _ X�BJ* ; ? F P w p½À�?@P _ X�BJ* ; ? F P w p½¶ s -HG!- ;

] ò L å ü LON æ.ç] ü L ßÖÞ SL�L ] U L å ü LRN æ.ç] ü L g f L�Lð QL�L ] � L å ü L_N æ.ç] ü L ß x å w p y!y ç

e ] U L å ü LRN æ.ç] ü L ß á f L�Lð QL�L Þ SL�L ] � L å ü L_N æ.ç] ü L å w p y�w ç

: NQ> F�;4= -eDI?Q>4RIN@*9M/-E8C-EP ; *9PID�> ; 54*9?@P�*954-l54-ENS* ; -/D &(' _ X�BI* ; ? F P w p w ÀOp�¬3-EPIM/-YBI>.?@PIG _ X�BI* ; ? F P
w p w À�?@P _ X�BJ* ; ? F P w p y�w v s -�G9- ;

] U L å ü LON æ.ç] ü L ß á f L�Lð QL�L Þ SL�L ] e M L å ü LRN æ.ç] ü eL å w p y ´(ç

¼ ?QÈ�-/5.-/P ; ?@* ; ?QPIG _ X�BJ* ; ? F P w p�· s ? ;4= 54-E>4R�-/M ;¹;7F ü L *9POD�BI>4?QPIG _ X�BJ* ; ? F P w p y ´L*6PID�54-/*95454*9PIG!?QPIGIvs -�G!- ; ] ô L å ü LON æ.ç] ü L ß y
ð QL�L ] e M L å ü LRN æ.ç] ü eL g y

ð QL�L f eL�Lð QL�L Þ SL�L ] e M L å ü LON æ.ç] ü eL å w p y ·�ç

] ô L å ü LON æ.ç] ü L ß y
ðOfL�L ] e M L å ü LON æ.ç] ü eL å w p y ¶!ç

sA= -E54-

ð fL�L ß ðRQL�Ly g c eL�L å w p y À(ç



´ y

*9PID

c eL�L ß f eL�Lð QL�L Þ SL�L å w p y º!ç

¬3-EPIM/- _ X�BJ* ; ? F P w pµ´�P F�s & -EM F 8V-/>

] e M L å ü LON æ.ç] æ e ß yH ðOfL�L ] e M L å ü LON æ.ç] ü eL å w p y Û(ç

¬3-EPIM/- ;7= -HRJ*65 ; ?@*9NoDI?�È~-E54-EP ; ?S*9N�-/X�BJ* ; ? F P ;7= * ; PI-/-EDI> ;7F & -H> F NQ09-/D2?@>

| ~ e ] e M L å ü LON æ.ç] ü eL ß ] e M] æ e å w p y »(ç

sA= -E54-
| ~ ßhg y

ð fL�L H å w p w9x ç

s ? ;4= & F BOPIDJ*95 ' M F PODI? ; ? F PI>

MÏå x N æ.ç�ß x å w p w^y ç

+ � ] M L å ü LON æ.ç] ü L g + e M L å�b N æ.çhß `Cå�b N æ.ç å w p w!w ç

*9PID s ? ;4= ?@PI? ; ?S*6N�M F PIDI? ; ? F PI>Hå�*6>4>4BO8C?QPIG�� * ; ?@PO? ; ?@*9N�8 F DI-\> = *9R�-E>âçYG!?Q09-/P &('

M L å ü LON x ç�ß x å w p w ´(ç] M L] ü L å ü LON x ç�ß x å w p w ·�ç

sA= -/5.- ;4= -HM F PO> ; *6P ; >�| ~ v + �A*6PID + e *954-\q�P F�s Pop
)+-/*95454*9PIG!?QPIG _ X�BJ* ; ? F P w pµ· s -�G9- ;

ô L å�b N æ.ç�ß x�i y
ð QL�L �æ� L å ü LRN æ.ç á f L�L U L å ü LON æ.ç � � j\k�l   ß x å w p w ¶!ç

: NQ> F�s - = *%0!- ;7= -HK F N@N F�s ?QPIG�54-ENS* ; ? F PO> = ?QR & - ;rs -E-/PÜDO?@>4RONS*9ME-/8V-/P ; *9PID2> ; 57*9?QP

� L å ü LON æ.ç�ß ] M L å ü LRN æ.ç] ü L å w p w À(ç

t3>.?@PIG _ X�BI* ; ? F P w p w À�?QP _ X�BJ* ; ? F P w p w ¶�*9PODm5.-%*95.57*9PIG9?@PIG ; -/548V> s - = *%09-

ô L å�b N æ.çhß x�i ] M L å�b N æ.ç] ü L ß f L�L U L å�b N æ.ç å w p w º!ç



´ w

t3>.?@PIG _ X�BJ* ; ? F P w p w À�?@P _ X�BJ* ; ? F P w p¿¶�*9POD25.-%*95.57*9POG!?@PIG ; -/548V>/v s - = *%0!-

ò L åTæ.çhß³Þ SL�L U L å ü LON æ.ç�g f L�Lð QL�L ] M L å ü LON æ.ç] ü L å w p w Û(ç

e m  � ò L å æ.ç f ü L ßÖÞ SL�L m  � U L å ü L_N æ.ç f ü L g f L�Lð QL�L m  � ] M L å ü LRN æ.ç] ü L f ü L å w p w »(ç

ßÖÞ SL�L �ç`�å�b N æ.ç á `�å x N æ.ç � g f L�Lð QL�L �nM L å�b N æ.ç á M L å x N æ.ç � å w pµ´ x ç

t3>.?@PIG _ X�BJ* ; ? F P w pµÀ�?QP ;7= -HN@-1K ;Y= *9PODm>.?@DI- F K _ X�BI* ; ? F P w p w » s -uG!- ;

e ò L å æ.çhß ÞTSL�Lb `�å�b N æ.ç�g f L�Lð QL�L b M L å�b N æ.ç å w pµ´ y ç

: NQ> F KT5 F 8 _ X�BJ* ; ? F P w p w Û s - = *%0!-

U L�L å ü LON æ.çhß ò L åTæ.çÞ ìL�L á f L�Lð QL�L Þ SL�L ] M L å ü LON æ.ç] ü L å w pµ´ w ç

bJ5 F 8 _ X�BJ* ; ? F P w pµ´ y s - = *�09-

U L�L å�b N æ.çhß y
Þ SL�L � ÞoSL�Lb g f L�Lð QL�L b M L å�b N æ.ç � á f L�Lð QL�L Þ SL�L ] M L] ü L å�b N æ.ç å w pµ´!´(ç

[ B & > ; ? ; B ; ?@PIG _ X�BJ* ; ? F P w pµ´!´�?@P _ X�BI* ; ? F P w p w º s - = *%0!-

ô L å�b N æ.ç�ß x�i + � ] M L å�b N æ.ç] ü L g + e M L å�b N æ.çhß¢`�å�b N æ.ç å w pµ´9·�ç

sA= -E54-

+ �Íß b
f L�L � y g f eL�Lð QL�L Þ ìL�L � å w pµ´(¶!ç

+ e ß á f L�Lð QL�L Þ SL�L å w pµ´!À(ç

g - ¸^; 06*954?@* & NQ-/>qpr�/å æ.çW*9PIDGp e åTæ.çW*95.-uDO-EUJPI-EDÜ*9>YK F NQN F�s >

pr�/å æ.çhßsM L å ü LON æ.ç N pr�Eå æ.ç�trb e � x N b � å w pµ´(º!çp e åTæ.ç�ß f M L å ü LRN æ.çf ü L ß f pr�/å æ.ç
f æ N p e å æ.ç�trb e � x N b � å w pµ´!Û(ç



´!´

] *6q�?QPIG � *9RIN@*9M/- ; 54*9PI>}K F 548 F K _ X�BJ* ; ? F P w p y » s ? ;4= 54-E>4R�-/M ;�;7F æu*6PID�BI>.?@PIG _ X�BJ* ; ? F PO>
w pµ´(º�*9PID w pµ´!ÛOv s - = *%0!-

| ~ e f evupr�/å ð ç
f ü eL ß ð e upr�/å ð ç å w pµ´!»(ç

| ~ e f up e å ð ç
f ü L ß ð e upr�/å ð ç å w p�· x ç

]Y= -/5.-EK F 5.- s - = *%0!-

f
f ü L

wxxy upr�up e
z|{{} ß wxxy x y

ð e x

z|{{} wxxy upr�up e
z|{{} å w p�· y ç

p : NQ> F�; *6q�?QPIG � *9RINS*6M/- ; 54*9PI>}K F 548 F K _ X�BJ* ; ? F PI> w p w^y *9PID w p w!w s ? ;4= 5.-/>.R�-EM ;A;7F æ s - = *%0!-

pr�/å x N ð ç�ß x å w p�· w ç

+ ��p e å�b N ð ç�g + e pr�/å�b N ð ç�ß `�å�b N ð ç å w p�·(´(ç

g - ¸�; NQ- ; BI>+DI-1UJPI-u*V> ; * ; -\09*654?S* & N@-~p�*9>
p�ß wxxy pr�p e

z|{{} å w p�·!·�ç

p _ X�BJ* ; ? F P w pµ· y ?Q>A*9P F 54DO?@PJ*95 ' DI?�È~-E54-EP ; ?S*9N~-/X�BJ* ; ? F P|?@P ü L *9PID2? ; >Y> F NQB ; ? F P�?@>YG!?�0!-EP &('

pJå ü LON ð çhß
wxxy M F > = å ì j k��� ç � �ì >.?@P = å ì j k��� çì��� >.?@P = å ì j k��� çéM F > = å ì j k��� ç

z|{{} wxxy upr�/å x N ð çup e å x N ð ç
z|{{} å w p�·�¶!ç

e pJå ü L�N ð ç�ß
wxxy � �ì >.?@P = å ì j\k��� ç up e å x N ð çM F > = å ì j k��� ç up e å x N ð ç

z|{{} å w p�·(À(ç

t3>.?@PIG _ X�BJ* ; ? F P w p�·(À�?@P _ X�BJ* ; ? F P w pµ·!´ s -HG!- ;

+ �^M F > = å ð ü L| ~ ç up e å x N ð ç�g + e | ~ð >.?@P = å ð ü L| ~ ç up e å x N ð ç�ß `�å�b N ð ç å w p�·�º!ç

e up e å x N ð ç�ß `Cå�b N ð ç+ �^M F > = å ì j k��� ç�g þ�� ���ì >.?@P = å ì j k��� ç å w p�·(Û(ç



´9·

e pr�/å ü LON ð ç�ß*M L å ü LRN ð çhß¢`�å�b N ð ç | ~ð å >.?@P = å ì j k��� ç+ �^M F > = å ì j k��� ç�g þ�� ���ì >4?@P = å ì j k��� ç ç å w p�·(»(ç

[ B & > ; ? ; B ; ?@PIG _ X�BJ* ; ? F P w p�·(Û & *9Mâq�?@P _ X�BJ* ; ? F P w p�·�¶H*9PID�DI-1UJPI?QPIG�pr�/å�b N ð ç�ßsM L å�b N ð çÍ*6>;7= - F B ; RIB ; *6PID `�å�b N ð çW*9> ;7= -u?QPIRIB ;Ys -uG!- ;Y;4= -\K F N@N F�s ?QPIG ; 57*9PI>}KT-/5YKTBIPIM ; ? F PM L å�b N ð ç`�å�b N ð ç ß |D~
ð
å >.?@P = å ì j\k� � ç+ �^M F > = å ì j k��� ç�g þ�� ���ì >4?QP = å ì j k��� ç ç å w p½¶ x ç

� å �eç�ß M L å�b N �eç`�åT�eç ß f L�Lr���"�v�  �  å y g c eL�L çEå yAá c eù ���"�,�  �   ç å w p½¶ y ç

sA= -E54- c ù ?@>YDO-EUJPI-EDÜ*9>

c eù ß c eL�Ly g c eL�L å w p½¶ w ç

]Y= -�PI- ¸�;HF & ,.-/M ; ?Q09-V?Q> ;7F DO-/54?�0!-�*9P#- ¸ RI54-E>4>4? F P¯K F 5 ;7= -�?@8VR�-EDJ*9PIME- F K ;7= -�> ; *6MâqÜRI?@-E¾ F p
]Y= -uM/BI5.54-EP ; ?Q>YG!?Q09-/P &�' j

�~å ð ç�ß ð m_� ò L å ü LON ð ç f ü e f ü ��ß ð ò L å ð ç é å w p½¶9´(ç

sA= -E54- é ?Q> ;4= -uM/5 F >4>�>.-/M ; ? F PJ*9NÉ*95.-%* F K ;4= -�RO?@-/¾ FVsA= ?@M = ?Q>+*VM F PI> ; *9P ; p : N@> F ò L å ü LON ð çWM/*9P& - ; *9q9-EP F B ;+F K ;4= -H?@P ; -EG!57*6No?@P _ X�BJ* ; ? F P w p½¶9´Op
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Force curve of the MFM cantilever as measured by the DSP

Piezo movement in nanometers
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Sensitivity = 0.012251 V/nm 
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