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s a 1 0  t i  s o  to i i t  1 t 1 i f  of 1 Wit 11 

Tlic r u g ( :  o.f appl i (x th is  for t,liis i~ii(:ros(apv is iiot, rcsti%:t,c(l t,o iiiilgli(:l;ic i,ort,i(cs 

or lu(;sos(:opi(~ 1)li(;1iolii(:iit1,. Iiiliow1,ioiis ill ~)ie;zo(~(;rilliii(: s ( : m u ( ~  (lwigli [3J liavc allo~v(:d 

for  OW t,c:lii~)cxa.t.lirc S(:illi I.il.llgoS of -0.5 111111: il.li(l with Hill1 I ) ~ o ~ ) ( \ s  1 1 0 ~  ojforiiig ~111)- 

iiii(:roii spl,t.ial r(:solut,iou, t,lic s(*op(: of :~ppli(~at.ioiis (:i~(:olii~)ass(~s imigi~t!t,i(. stm~(;t,l~rc:s 

(:xist,ilig 011 l(:iigtli s(:al(:s spaluliug tlirw or(l(:rs of l i i a g ~ i i t ~ ~ d ( ~ .  Mli(~1i of t , l ~  liiosi~ 

ilit,orctst,ilig p11ysic.s t,o rt~sc:ilrc~liors t d a y  is, liourovoi~, ou 1-A(: s i i i~l l  si(lo of this sp(~'trliiii, 

which iii(~lu(1cs ii~csos(vpi(~ ~)llc:l~ol~i(:ilt~,~ so (wilt,iillic(l ($fort, is 1)ciiig ])lit iiito Hall prolx: 



fic:l(l raiigv, .~;(;i~iiiiilig Hill1 p ~ o h :  1iiicw)scopy 1 1 ~  (:ll~?rgc:tl :IS olio of t , h  key pli~~l(:rs 

iii sci~~iuing lliagiietk iinagiug. Tlw ot,licr swiiiiiug l~ iag~ ic t i :  iiilagilig t.wliuicpcs i ~ r c  

iiiagi1~tic for(:(: iiii(:roscopy (MFM), aii(1 ~<:ii,iii~i~ig SQUID 11iiclwc:opy. T11c:sc: t,oc:li- 

11i(411(:s c d l  1i;wc: t,lii:ir ow11 ~ ~ l v i ~ ~ l ~ t , i ~ , q c s  ali(1 am: ( ~ o i ~ i l ) i ~ ~ ( ~ ( l  i i i  (l(:t,t~,il ill t,li(: followi~ig 

sc:c:t,iou. Alt,lio~~gli t,lie STh4 n:as ~lsctl ou ly  o11 1)y Hcss aiitl c~oworkors t,o h! t , l ~  first, 

sw.ii~~iilg p r o h  iui(:roscopt: t,o ii lqy: m~gwt:i( :  vort,ici?s iii type I1 s~i~)(:r(:oii(l~l(~t,ors [ 5 ) ,  

it clocs iiot. iiicasiiro tlic iiiagii~tic fic:lil at  d l ,  I)lit, ra.tlic:r t , l ~  1oc:ill clc:iisit,y of st.atos at, 

thc s~irfi~,c:c: of t,lw sa.inplc, wl~icli is also <:orr<dii,t,otl witch vortcx ~)ll(:ii~)iii(!ili~. This t,yp(: 

of STM iii~il.giiig is (.illl(:d sc:auiiliilg t,uiuioliiig sl)c:c:trosc*ol)~r, a.1~1 is still 21 v i ~ v  ~is(:fiil 

tool to st,licly vortic:c-:s a i d  1liic:o1i\~c:iitio1it~l ~111)or(:oii(l1i(:t~i1~it~r. C~~)ii~(:iit i~)ili~l ~ ( w i i i i i g  

t , i~~~ii(~l i i ig rr/.%(w,w~op:~j 11as iio~i(~t,l~(:l(w playc(1 a (:(:ilt~*i~l rolc iii sc:ii,iii~iilg iiiagiii:tic mi- 

c:rosc:opy, mlicrc: it is oft,eii uso(1 t,o guiilc the iiiitgii(:t,i(: 1)roh: ;11oiig t,li(: surfu:c: of t . 1 ~  

~ t ~ i l i 1 ) l ~  :kt, il~ ( : ~ i i ~ t , t ~ l t ~  liciglit,. 

Sill(:(: ~(.i~~liiiiiig pro1)o iiii(:ros(:ol)y t~c:cliiiiqlit:s roly 011 t,lio 1)roI)i: Iwiiig i ~ t  t l ~ o  slirflil.(:o 

of t,lio sa.i1i1)1(:, soiiic sort of tjol)ogra,l)liic f i ~ x l h : k  is c:ssc:iit.ial. Tol)ogra.pliy is t,lic: 

priinary tloi~iai~i of t,lio STkI i ~ i ~ 1  t . 1 ~ :  AFM, so t,llc:y arc oftoii 1mrt of a sc:iuiiiiiig 

iiiagiwtic iili(~roscopc. Tlic: SThl works by ~ ~ : i i i l ~ i i ~ i g  a11 i~.toiiii(dy s11iq) i~lct~itllic t,i1) 

1)iasc:tl wit,li a. siiia,ll ~olt , i~g(: ,  over iL gr~llild(:(l (:oiidl~(tiiig s;~iii~)lc:. AS tali(: t,ip g(:t>s 010sor 

t,o t.lic: slirfa,c:o, tlio (~lliliit,l~iii t,liii~i(:liiig ( '~ i r r~i i t ,  iil(:ro~s(:s (:~1)oiic:iit,iil,ll,y. 111 (oiist.;~iit~ 

c ~ ~ : l l t , ,  oi. topogra~)hy liio(lc, t 8 h :  t,l~iilicliiig (:lli~~:llt, is f(:(l l)i~(:I< to  t.110 licigl~t. (*oiitrd of 

t,llo t-ip, sv1iic:li is t-lcljlwt.cd clliriiig t,lic: semi so t.liat the: (~ii-r(mt roinaiiis (:oiistailt,. T~ICSC! 

h(-?iglit8s arc r(!c:O~'tl~:(l, iI,ild the! ll(liglit. lllilp r(!pr(:~(llit,~ il sllI'fil(:o of (:Oll~t~illit~ (:oll(lll(:tioll 

(!k!(:trOll (:li(!l'gV, tlils t,O I)(: ~ 1 i ~ : O i ~ ~ ~ ~ ~ ~ ~ I ~ ~ : ~ ~  iiit,o il, ~(:i~~liliillg lili~gil(?t,i(: i i l i ( : ~ O ~ ( ~ O p : ,  t , l l ~  

solisor, c:it,llor Hall prot)o or s~l~)c:rc:oiicluc:tiiig (~llil.llt,liiii iiit.(:rfi:r(:i~(:c (l(:vi(:o (SQCID) 

Iiiw a t.ui~iioliiig tip iiiic:i~ofa.t)ri(:i~t~(:(l a.loiigsitic: t.1ic: c1c:vic:o. Tho 4Fh;I is soi~sitive t,o t h :  

tl.t.Ollli(. f0rc.c:~ ~ . t  t h :  ~l l~fi t ( :e  Of th(: ~~. l l lp lC il.('t,illg 011 ti, t.il) :kt 1.11~ ~ 1 1 ( 1  Of il ('i~llt,il(:~W. It, 

1li t l)s t h :  ~llrfiM:(.! by il(ljusthg t,ho licigh o f  t h :  (:iti~t,il(:\i(:~ 21s it, is ~(:iUiilO(l SO t h t ,  t , h :  

for(:(: rc:iiiaiils coiist,:uit,. This is coiiibii~(:(l wit,li iiiii,gi~(:t,ic iiiicros(:o1),y w1ii:ii tlic t,ip is 

(x)i~t,o(l wit,li it f(?~~oiiii~~gii(:t~i(~ ilii~t,(:rii~l, iiiid<iiig it, sciisit,ivi: t,o iiiagii(:t,ic forc:cs as w:Il. 

Now it is a. rnagi~otk forw 1llic:rosc:opo. 





1.2 Overview of scanning magnetic imaging tech- 

niques 

1.2.1 Magnetic force microscopy 
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CHAPTER 1. INTROD UCJTION 

1.2.2 Scanning SQUID microscopy 

21n~agta of this ~ i l 1 1  I W  fo111~1 011 t.11~ Cwtrc  for Prol)ing th(' S:UI~.C.(.~I~C (CPN) lwl)sitrc,, 
w ~ v ~ v . s t w ~ ~ f o r t l . ~ ~ ~ l ~ i / ~ r o ~ ~ ~ ~ / ~ ~ ~ ~ ~ ~ / i ~ i ~ l ~ ~ x . l ~ t ~ ~ ~ l  



CHAPTER 1. INTROD I/'CT.ION '3 

Scw,iiiii~ig SQUID 1iiic:rosc:opy is a gootl toc:lii~icpic ~ 1 1 ~ 1 1  liigl~ fi(!l(l sc11sit~ivit.y is 

cdl(?tl for ii,iitl liigli sl)at,ial rc+solut,ioii is iiot. Siil)c:r(:oii(l~c:tiiij?; vortices niit,li low s1)atial 

(lciisity im: t~licrcforc i(lca1 sys1,ciiis t o  s t , l ~ l y  wit,li t,liis t,wliiiiqu(:. Iii 1996, Kirtlcy aii(1 

c-oworkc:rs ~isotl a 4 p ~ i i  SQIJID ( t l ~ :  stat,(: of t.lic: w t  for its t,iiii(:) to obs(!rvc lidf- 

iiitcgcr flus cllimt,i~at~ioii o(:(wriiig 011 grilili t ) ~ l i ~ i ( l i ~ r i ~ ~  of tlic liigli T, S I ~ ~ ) ( : ~ ( : C ) ~ I C I I ~ ( : ~ O ~  

Y B ; I ~ C ~ ~ ~ ~ ~ - ~  grow11 011 t.l'i(:l'y~t.i\.l S I I ~ S ~ ~ ; I . ~ . ( !  [21]. T h ? y  writ,(: t,li:i,t %df-ii i t~(yp 

f l l ~  (~l i i~i i t , i~i~t , i~) i i  is :L po~7(:rfiil t,ool for probiiig t l i ~  syllilii~try of tilt: ~~~l)or(:oii(l~i(:t i i ig 

gap ill hot11 YBa2Cu:307_6 aiid ot,li(:r 1iii(~oiiv(:iit,ioiid s111)0r(:oii(11~('tors". A iiiorc rc(:(?iit. 

SQUID (l(:sigii7 fro111 h h t h  H11t)~:r of C U ,  Dclivor a i ~ l  I'cr B,jijriissoi~ t,li(:il of St,aiiford 

IJiiivorsit,~r [22], is illor(: s~)l)lli~t~i(:il,t,c>(l. Altliol~gli stsill 4 pill iii s i x ,  it, iiiclli(l(:s aii 

outcr lool), wliicli is 1wc:tl t.o iyq)lp a locd  ficltl t,o t,lic s:uiq)lo idlowilig for ~(:i~iiiiilig 

s~~sc~ol)t,oillc:try t,o bc c:arricwi olit:; as  well as  for t.lio iilitiiil)lil~l.tioii o f  vort,i(w [23]. 

B.jiiriissoii writ,os ill his 2005 t,liosis t.1ia.t "t,o iiialtc: sillidlor S(lUIDs, (~oiitliil~iiiig work 011 

iiitJ(!grilt,iiig (?-/)oil.lii lit,llogra1)1ly (or soi~ic: ot1ic:r l~iglic!i*-rc:sol~~tioii 1)rocwsiiig ~l~c:t,hotl) 

iu t h  proc:oss will 1 ) ~ :  iic:c:cwsi~.iy." 

Tlw sim of a SQLJID is iiot oiily liiiiitc:(l by t,lio tj(x~liiii(*al (lifFi(~lill-,v of filt)rici~tiiig 

t.ll(!sC (l(!~i<:(!s, hilt 11101.(: fllll<~illll(:lltlil~ by ttll(: 1)0ll(!tl:tl.t.i011 (lk!p(,ll; Of tjll(! SlI])(!T- 

cwilt1uctiil.g iii:lt.crial usctl. A fiultlimloihl q~i~i i t , i t ,y  ill sl~l)(:r(:oii(l~~(:tiVit~, X (lcs(:ril)~s 

t.1~. longt,li sc:nlc ovcr wliic4i i L  liiilglit!tic ficltl pc!iiot.ri~.t,cs t,lic: ~ui~.t.orial. Wlioii tho 1iuc:- 

witltli of t,lio sl~l)c:rc:o~~th~c:tiiig pick-111) 1001) ;~l)~)roxlic:s A ,  t81i(: squi(1 IOSCS st:iisitivity 

[ 2 2 ] .  A t,ypiwl va111c for A in tliiii- filiii Nl), t,lic iiiost (:oi~iiiioiily lisc(1 iiiil,tj(:riid for 

sl~l)c~.c:oiitlli(~t~iiig elc(:t,~x)iii(:s, is 90 11111. Iii pr;t(.ti(:(:, this lilickly liiiiits tlic (dFc('tivc six(: 

o f  it SQUID t , ~  ;\, f i : ~  l l ~ i i t l r ~ t l  i i i~i i~) i i i (~t . ( !~~.  

Diff(:rciit iimt,cria.ls liiwc: (liffcrcmt l)(:ii(:t.ri~.t,ioii (lcptlis~ so ot.licr s1il)ort:o1i(lti~:t,ors 

i i ~ y  h: wplorv(1 with si~iall X to iiii~kc siiiall(!r (lcviccs. But: l)wi(lcs tlic f i h r i (Ao i i  

~:liallc!i~go~otlic~r iilatctria.1~ 111t1y prosc1i~t,, t l ~ ~  iiii~t,(trii\.I~ nrol~ld l ~ i ~ o  i l ,  cliiforoiit super- 

c:oiitll~c:t,iiig t,rililsit.ioii tc:iiil)c:ri~t,~irt,; T,. For ~iiot)iliiii, T, = 9.3 1< il.li(l it, is 1 I< for 

illl~iiiiii~~ili, iliiot~li(:~ i~i;~t,(:riill 11s0(1 !or SQlJIDs. Siiicc t,llc: SQUID pic:k-111) 1001) ~ i~ l i s t ,  

I)(: sl~~)c:rc:oiitll~t:tiiig~ it,s ol)c:rat,ic.m is rc:stric:t,c:(l t,o t,c:iiil)c:r?~tlirc,~ h:low t,li(' T. of tlw 

~~ i i~ t : r i ; i l  i s  1 i t  i i i t s  1 1  r s t i l i t  o f  1 t l i i i  1 i i l .  ,To 

i)rodci i  tlicir t,(:iii~)(:r:~t,~ir(: r :~igc:  high Tc i ~ ~ i ~ . t w i i d s  c:ui 1 ~ :  11s(:(1 for SQVIDs: hut. 
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1.2.3 Scanning Hall probe microscopy 





1.3 Magnetic imaging and spatial resolution 



7 
- Hell probe 

sample 
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1.4 Vortex imaging in scanning Hall probe microscopy 
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1.4.1 Type I1 superconductors and the vortex state 



CHAPTER 1. INTROD UGTION 16 

'CJiiliko c~oiivol~t,ioiit-~l type I s~il)(:r(:oiidli(:t~ors, t,ypo I1 iiic~t,ci.ials liinrc: :I so-cdlotl 

i'i~iixod s t ~ t . d !  wli(m: for a raiigc of' h h l s  t,lic flux p(:iictmt,cs t,lio iiiat,(?ri;l,l ill ail ium~y 

of qualit~im:tl 1~ulltll~:s (vort,icv.s), iiiteractiiig t,o for111 \\;Iiiit, is lill~\\lli ilS t110 A1)rikosov 

Flllx Li~,t,t,i(:c. Tlic fkhl 11s. t,(:iii~)(:r;~t~~r(: pliasc (1i;graiil for t,ypi: I1 iii:~t,~:ri;~,ls is sliowii 

in Figurc 1.7. Tlic: iiiixcrl s1,at.c: is ;ac:t~ila.lly 1)rokoii 111) illto t,wo p;ut,s for t,lio liigli Tc 

c:q)rnt,os. EN low fic:ltls I)(%W(I(H~ ;11id Ifc2, tlic vort.iws ;uv\ fixcxl ill p1t~:c slid for111 

a "soli(l", :uid for lliglicr fic:lds wit,liiii t h t  raligc t,lic ~iort~iccs go i i ~ t o  a ljqui(1 plias~: 

w1ic1:c t,lic vortkcs c;ui get, 1~111(xl ;~roliiid by tlic fitdd. \4rli(:1i t , l~c ficl(1 ro~~clios .Hc2 

suy)c~rc:oii(ll~('tivit?; is dcst.royixl. 
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CXA PTER 1. INTROD UCTION 
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111 Wyi111 (.:t, 211. ~ o o ~ c ( I  for t ,h !  pr(xIictt:(I h ~ / e  fl~w)i(Is in Yljii,2c;~~3()6,35 s>~~ll)lc:s 

wit,l~ s ( ' ~ L I ~ I I ~ ~ I ~  SCJLJID ant1 Ha11 1)rol)c: 111ic:rosc~oI)ios. T11c:y i~lli-~g(:(l ovc:r 170 vort,ic:os, 

a11 of w1iic:li c:arric:cl t,llc: ~lsuad fills @ o  = hcl2e. This sc:t n.11 1II)por liiiiit 011 t,lio vison 

c:llClgJr t#lli~t, WlS  11111(:11 IOtv(!S t~llibll t h t  ])l.(!(liCt.O(l 1 ) ~  t.ll(' t,ll(!Ol.Jr. Ill (:?IS(: t311(! lil,(k Of 

h.c/e volt,ic:os was thlo t.o ~iic?tast,a.l)lc h.c/2e vortkcs, t,llc:y also pc~rfor~ilotl i ~ i i  (:sl)(:riilic:tlt, 

proposed by Sc?iit.liil :111d Fis11w 1341 that ;dtlrosscxl tllo ( Iy~ i ;~ i~~ ics  of visoiis :1.11(1 is t,lu~s 

21, i i ~ m :  st,riiigciit. twl, of t11c t,liwry. 111 ttliis (:x1)crim(:iit.7 dcscriI~c(1 in [U]? t,llcv 10ol~~:d 

for it vortm ~~l( : i~ iory  (:ffc(:t ill 21. 10 pi11 slll)c:r(:o11(111(.ti11g rii~g: t h :  ~igiitt t , t ir~ of i.l. viso11~ 

Olllp tjO il.gil.ill ~i(!l(l 111111 1.0~lllt.~. Alt,llOllgll thCl.(! l l i l~  1)0(!11 (lOl)il.t.(3 i11)0111; f.110 (!~t,<:llt, 

t.o w11ic:h t,llosc oxpc:ri~~~c~i~t,s (-;l.ii sotth: t,llc: issue of  SC3 ill tho ( : i i l ) ~ i ~ t , ( : ~ >  Uiy1111 wri1cs 

t,.liat t,lic:y tlooiii ~~idikcly i ~ t .  I(:ast, oil(: group of  t,lic:oric:s for t h  c:~ll)ril.t,os t l ~ t  prcxlict, 

\ r i~Ol l~  U l ( ~ / O l '  il, vO~%!X l l l ~ : l l l o ~ ~  (:ff(:(:t, ill t,ll(: (allpl'tl~tj(:~. 

This wiw ~ i o t  t,lic: (:lit1 of t,lio stmy for SCS lio~vc~vc:r, t1.s Soiitliil a,ii(l L w  l i t l ,w tloviso(1 

ib llctv wrsioii of  t h  (:xpcriiil(:iit, ill wlii(:li il plir  of (:oli(:oiit,ri(: ~111)(:r~:oil(lll(:tiiij: riilgs 

11111st h :  fnl)ricxt-xtl oli a iioii-slil)crc:oii(l~~(~t~ilig I)ac.kgrouiitl [35].  Tlio iniic:r riilg 1121s LL 

c:rit,ic-:al t,c:liipt:~;~t,l~t, TC2 'ivlii(~li is 1ow:r t,liaii t h t  of  t,lic o~lt,c:r iilig, Tcl: so tliat hy first 

(*OOliilg ttll(.: stl1lll)l~ ill i l  llliLgll(:ti(: fi(:l(l it t,Olll])(:l';li,lll'(: Ti, ~l l ( '11  t , l l ~ t  TCp < Til,, < 
t,llc: ~llt,(:r rillg is 1Isc:tl to trap ail otltl 11111111)('1. of f l l l ~  (lllibilt,il ill  t811t? illll(!l. 1lOl.lIlilI 

rcgioii. 111 a spill-cliti,rg(: sopl.r;lt,(!d iiic(li1ii11 t,l~is i~ i~is t ,  I)(: :~(~(:oiiil):liii(:(l 1)y tho pros(:ii(:(~ 

of g;u1g:.c: fl11x. 

U ~ ) O I I  f~irt,l~or cooliiig tlic: saliq)l(: just t.o gct tell(: illnor ring to go ~111)or(:oii(lll('tiiig, 

it will t3ril,l) tlic o(k1 flux q t ~ i ~ t a  vort,(:x. With t h :  tliiclmss of' the iiii~or r i i~g h c i ~ ~ g  

s~nallcr tha.11 tho pliysic:al p:llot,ratiou tlopt.11, ~llost of tlio flus will osc:iq)c-:; Ilowcvcr, 

t h ' o  will stdl I)(: n siiiadl rc:sidlurl fliix due t,o t h  c:nrr(:iit ill tllc iiiiior ring ils~O(:i~t.(?d 

wit,l~ t,Iw iii(li~(~:(l vortcx. Tliis rcsi(11d ~iii~g~ictic- flux cim t110i1 I)(: d(:tcctc(l. 

Ac.cwtli~ig t o  t,l~oir t,lic:ory, this c:ff(x:t, olily oc.c.1n.s if t h  iiiit,iw.l vort.icit.y ill tllc. 

ollt,c:i riiig is o(I(1. If  oil t,li(: otlicr lii~11(1 it. is (:v(:ii, t,I~:r(: will I)(: 110 il~dl~(:(xl p l ~ ~ ~ i ( : i d  

fl~ix \vlloll t,lic: iiiilw riiig go(:s ~111)or('oii(lll(:t,i1ig il.li(l t,.licir(:ti)r(: ~~ot~hii l f i  t,o (I<:t,(\ct.. 0111 

sciuiiii~ig 1 1 i d  l)i-ol)(: ii~i(:iw(:ol)(!, wlioii ont,fit.t(xl wit,li a i~wr-ficl(l opt , i (d l)rol)(: for 

t,hc: ~)c:rsist~c?i~t, l)liot,otlol)ilig of siliglc, c,r!;stal Y B i ~ ~ C 1 1 ~ 0 ~ + ~ ,  will l)rovi(lo ill1 (~ ( . ( : l l ( : i~ t ,  

~ i ( : i ~ ~ s  o f  fal)ri(:i~t,ilig s i~ : l i  a (lcvi(x: ;1,11(1 t o  l ) ( d ' o r ~ i  t,liis cxl)criiiici~t~. TI)(: 1ct:y l)oil~t, is 



tllat using this inct~hod, t . 1 ~  nlat~xial ill 1)ot~rc:eli tlic rings ( ~ n l  1)e liigllly iiiltlortlopc:d, 

a.llouring tho oxl)orii~~c!iit to I)(: carried out i11 t . 1 ~  i~oil-s~i~)crcoi~tl~~(:tiilg pi-\.rt o f  t,li(-l 

~ ) l l ; ~  ili;tgr;till, bc?.yoiid wllcm: t.1~: Molcr group conld ; ~ w s s ,  aid wl~orc! SCS is 11lol.c 

s troligly c:xl)c:(:l-,c:d oil t,llcor~:ti(:itl gro1111(1s. 



Chapter 2 

Sub-micron scanning Hall probes 



CHAPTER 2. S UB-MICRON SCA ATAiING HALL PROBES 

The Hall effect 

Hall pr-olws rcly oil t.lic? s i ~ ~ i p l e  priliciplv of tlic: Had1 c:ff(x:t, tor t.llc:ir ol)orat.ioli as 1iia.g- 

lic!t,ic: soiisors. Disc:ovc!rotl by Hall ill 1879, thc  Hall cff(:c.t, oc:c:urs \v11(!11 ciirr(:l~t. 

(mrviiig (:oi~(ll~:t~(-)i. is ~ x p o s e d  to :L pcrpc~~(liclll;l,r ~m~gl~(!t.i(: ficltl; thc? c:llargc: c:an.ic:rs 

arc tl(:flcc:t.cwl ill tlic traiisvcrsc clircc:t.iol~ 1))~ the Lolvmt.~ for(:(:, m t l  a voltage (t.11~ Hall 

volt~gc: I f H )  i~.l)l)~itrs MTOSS t . l k  c l imt io l~ .  This \~ol t i~go is 1)rop01-ti011id to t h ~  (:li~rt:~lt 

iulcl ficld, t u ~ l  iilvcrs(:ly p u p o r t i o l d  t.o t.1~: (.arri(:r (1ci1sit.y: .TI,, of t.11~: ( : O I I C ~ I K ~ O Y .  Tlic 

Hd1 c:&:c:t is thlis oft,(:li usctl tlo ( l~t~orl l~i i lc  ,n. i~ll(l the sigli of tho ('litirg(: (:i~rrii!~s ill i l  

11iat~criid. HO\VW(T~ it, C:W  SO 1 ) ~ :  I ISCC~ t,o ( l ~ i ~ ~ ~ ~ ~ t , i t , ~ ~ t i v ( : l y  llI(:ilSlir(: t.1~: iiii~gl~(:t~i(: fid(1, 

t h :  iiiotlc of ~isagc t,liat is of iliost i11q)or t,alic:o t,o 11s. 

TO usc t811c! Hi111 (>ff~:(:t f i ) ~  ficltl tlct,c:c:tioii, :L ('oii~lli('t,iiig illi~t,~:riill is fi\l)ri(:iltj(!(l iiito 

a cross of t,lii(kii(:ss t ,  sliowii iii Figllrc: 2.1, a 1 ~ 1  a ~1irrc:iit I is (lril~cw ill OM: (lirwtioii 

wliilc t,li(: 1rolt,i1~g(! VH is i i i~~~s l i r ( : ( l  tl,c:ross t , l i ~  ot,li(xr ~lircxtioii. Tli(> c(l~i;l,t,ioil for t l ~ :  

Hall c?fkfoc:t hi t,liroo c1iiiic:iisioiis is givcii 1 ) ) ~  

IB,  
= -. 

s r ~ ~ ~ 2 . e  



2.2 Theoretical limits on Hall probes 

2.2.1 Magnetic field sensitivity 

H(!l'(t 1 will s ~ O W  110W fllll(litl~l(lllt,;l,l ])l.O])~l.t,i(l~ Of tll0 lllilt,(:riill (:ill1 I)(! 11~(!(1 t,O Ol)tjil,ill il, 

ra.t,licr c-,l(:g:~.llt fol.111 for t,llc: niiliilnuiii ( l (~ t .~ ( : t i~ l ) l~ '  fi(\l(i of il Hi111 proh:. St,art,iilg wit,li 

t,llc? t,l~roo tlii~icilsic-m:ll Hall voltlag(:, 

Horct wo ~tssuiiio t,l~at, t . 1 ~  uliiiiililliil (l(>t.(!(.t.i~l)l(! field ~orros~)o i ids  to i~ sigiliil-t,o-ilois(: 

ra.t,io of 1, i ~ ~ l  t,llat. wc only lli~vc .Jollils011 iloisc. 111 l)rxt.i(:c, l ~ m ~ v c r .  taliis is not; t-.lic 

oiily so1llv.c of noiso t.o c:ollt,ciltl withi 1)cw:itllsc: it is w r y  likcly tt.liat, lllost sc:i~lic:oli(l~lc:tilig 

Hall scllsors will sliow s t~o l ig  cxccss iloisc iii t,lw l)r(lsclicc o f  t1, l)ias ( : I ~ ~ I T : u ~ , !  l(:ii<Iiikg t80 

l/,f-liko iioisc:. This t,yl)o of uoisc: is tliscassotl furtlicr ill t81i(\ followilig s(x:tioll. 
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Sensor self heating - limits on the bias power 

1 1 0 ~  iii11<:11 Scilso1. ~('lf-]li:~t,illg \.\I(? (:a11 t,~l(?l.i~t.(); h)W(>~(?l . ,  ill SO1110 C:ilSCS, if th ' .  ~Oltil#? 

7i"LT 
ti. - -- 0 

3 e2 



CHAPTER 2. SUB-MIGR.ON SCXXAiIiVG HALL PROBES 

To put. this ill pc:rspcctivc:, it 1 I< tcinpcrat,ui-c risc: c:orrc:spoilcls to a .  froqucnc:-j~ of 

20 GHq rilw.kiiig t . 1 ~  last, f:lc:t,or 7 x 10p"os a. 1 Hz iiloas~~.c:illcHIt h~ i ( lw i~ l t . l l .  For 

scxisors fd)sic:at,od fro111 t,lmx: t1,iln~cusioii:l.l il~c!t;~ls, t,lio c:loc:troll i i ~ ~ 1 . 1 i  fr(?c: ~)il.t,ll is likely 

sct, I q  flit: t,l~i(:kiicss of t,lic smsor,  so i,la: fait,or will I)(: o f  t ,la on lw of iiliit,y. 

With t,lioso 111iint)(:rs, t,llo iiiiliilii~~iil (lc!t(:(.till)l~ fi(:l(l is 

Tlic roslllt is iilc1cpc:lldont. of XF. t h t .  is, it, is iiich:pci~(lcnt of t , l ~  (:l(:ctroii c o i ~ c i i -  

t,ratioi.i. Tliis lii(:;~iis tli;~.t, w: ;ire free t,u cxplorc iimt,(:rhls raligiiig from liglltdy dop(x1 

s(:iiii(:oii(i~~(:t,ors~ t,llroligll t,o li(wi1y (l(:g(:ii(:r;l,t,c sc!liii(:oii(l~i(~t.ors ad oil t,o scn~i-iiict,:~~ls 

:11i(1 good iiic?t;als lilw golcl n,iltl i~ll~iiiiiit~ili. This givw 11s a lot of S(~OI)(: t,o n(l(lr~ss 

tlic prohhmi of c:x:css nois(:. Tlic ~, :~i~l( :~i l t~t~io~i  d ) o w  ;i,ss~iliics t,liat, t,lw licat will 1 ) ~  

t,r;uisf(wctl (:ffic:iont.ly froiil the Hall sclisor t,o tlic s~il)st,ra,t,(:, wli(!rc it, \v0111d 1ia.w t,o 

1 ) ~  (:a.rric(l iL\iltijr 1)y pli~iioiis. ,This lili1y 1~ ov~r1,v opt,iillist,ic~ in 1~al1-y (::isc:s dcpcmliug 

on the s~~l)s i , r )~t , ( : ,  1)1it, if t,lic ( :ou~)l i~ig t,o plioiioi~s I ) ~ : o i ~ ( : s  a prol)I(m IVC i11:y want, t:o 

t,lirli tJo ~ l ) i t , i \ ~ i i ~ . l l ~ r  gro \~ i i  s(:iiii(:oii(lli(~to1. llc:t(:i~ost,rll(~t~111~(:s wli(:r(:, I ) o ( : ~ I I ~ s o  of t,li(:ir ( T ~ s -  

tdliiic ii>\,tJ1lr(:! t,li(:r(: s h d ( 1  h: W Y J ~  (:ffkiciit (~o1q)liiig of pl ioi io~s t h o ~ g l i  t , l ~  vilrioli~ 

2.2.2 Fundament a1 limits on length scales 

t,ioii s~lggost,s t1i;~t t,liv Hall scilsor p(:rforiii;~n(x will I)(: ili(l(:~)(:l~(l(:iit, of X F  (or (:lc(troii 

c:oi~(:(!iit,r:i,tie)ii)l l(:aviilg us to focus oil optinlizing t,llc: iiicali free p ~ t h  

Tllc width of t,llc Ha11 sc:iisor, d:  1)l:~c:cw a. fairly f1liit1~i~lilc:iit.d lililit. oil 11ow loiig t,llc 

~iic:;ui fro(: pat11 c:;~.li 1 ) ~ .  If 11 << d it, is c:allc:d t,lic: c i i ~ u s i v r :  liillit, ill wllic*li (::1.(:11 olcc:t,roii 



2.3 GaAs/AlGaAs Hall probes 



2.3.1 Clifford Hicks' 100 nm-scale Hall probes 
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I 1 pm GaAs 

GaAsIAIGaAs interface 
270 meV drop. 
T = 7 7 K  

0 40 nm 
depth below surface 

(b) 
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we: c:iiclc:d 111) i~siiifi silvci epoxy (E~)otc:k H20E) to 1)oiicl 100 p 1 1  gohl wims t ~ )  t,li(\ 

pacls. Hicsks si~ggost,o(l ~ ~ s i i i g  i ~ l i ~ i l l i l ~ l ~ l ~ l  n;o(lgc'-l)olidi~ig: 11ow(:v(:r, 110 fa.(*iliti(:s fi)r t,liis 

t d u i i q ~ ~ c  W(W: : i . ~ d d ) I ~ :  at, SFU or [JBc?. 

,411 SEh.1 iuiagc: of olio of t1ic:so Hi~ll  probos is show11 ill tlic iiiwt of Figilri! 2.3, 

ill(li(:iltiiig t,ll(: S I I ~ ) S ( : ( ~ I I ( : ~ ~ ~  fil.l)l.i(:tl,t,ioli steps [24]. Th: Hall c:ross i t d f  is ~)i~,t,tc:rl~.c:cl 1)y 

(?l(:c:tJr~)~i-l)c~;liil lit,llogl.il1)11!; illl(l rc;l,(:t,ivt: ioii ot(:liii~g. This t,o(:lii~i(l~~o i \ , l lO\~~ ~ O I :  t l l ~  li~tJ(:r 

c1cq)ositioil of il l)la,ilkcl, gilt,(: foi. s1iic:ltliiig i'roui st,ra,y ol(:c:t,ric c:llargos clilrillg ~(:il,~lllillg:.. 

T l l ~  tl(:pt.l~ of t.11~ ~ l l i l l l o ~ ~  (11.y (:1~'11 (l(:fii~iug t.110 Hidl <:WSS is arouiitl 30 11111: O ~ ~ O I I ~ I I  t.0 

g o  th1~~11g11 t h :  (lol)i~.l~t~ I:LY(YS, I)II  t. 110t tl1~011gli t , l ~  2DEG. It, is s i~f fk imt  IIOW~VW t~ 

c8ilt off cmc111c:t~ioll ill tlic 2DEG, tmtl 1111)' (1(:(11)01. a x s  ti)~lil(l tlo illcroi~sc: t,llo rc.sist,iulc:c> 

t~lll'Ollg11 t , l l ~  (k:\k:(: [4]. 7'11~%(: t,l.(-:ll(.h~s M e :  il.l~(.) V(:lY llil,rron~ (20 11111) t0 fil(.ilit,ilt,(: 1;11(? 

(:olistruc:tioii of tllc: smallest 1)ossihlc fimct,ionillg Ha11 pro1)c.s. As 21, c:ollsc:cl~~oiic:(:~ tliorc: 

is c i~ r ro i~ t  1c:tikw.gc: i~ : ross  t,l~c: 20 11111 lii~os a t  --100 iiiV at. 4 Ti; illid -10 11lV a t  77 K1 so 

t h :  ol)(x~t,ioii  of t,llc:sc- pro1)c's is rost8ric:tc:cl t,o low t,oliil)c:ra,t~irc: i t~ l ( I  ~no(I(.ril.t-(l c.iirrol~t.. 

W11c:il opc:rat,il~g ;l foroigil H d l  1)rol)c. it is w r y  ~isofiil t,o lia,vc. soill(, l)rclvio~is 

(!l~;lril.(:t~(:ri~:l.tioll of t l ~ !  (1cvicc:s to (~oi~l~)il,r(: t1o. Tl l ;~ l~kf~~l ly '  ;I t ,l~oro~lgll ( ~ l ~ i ~ ~ ; \ . ( ~ t , ( ~ l ~ i ~ ; ~ ~ t ~ i o i ~  

has 1)ocn rc:port.cwl in Hicks' 2006 APS h!larch Mcx:ting prosoi~t~at~ioil 1241 il.li(l i l l  ill1 

uiipul~lisliotl 1)i~l)c:r of his [4]. TIN: 2-poilit. Ict~tl-lwtl rc:sist.xilc:c: is i l l ~ ~ r  OilSY thiiig t.o 

(:ll(:(:k first, ;lil{l t,ll(:il t,h; H:111 (:o(:fi(:i(:iit,. At low t,c:illp(:r;l,t I I ~ ( :  il,ll(l zc:ro gi~t,(! I~iils, \\T 

ll>l,v(: ~ l l ( ! i l ~ ~ ~ r ~ \ ( l  t , l~( :~(!  t , ~  1 ) ~  i~rol~l l ( l  18 kt); illl(1 0.24 I?/C rc:spoc:t,i~:c!ly for t,llo ~)r01)(: 

pic:t.iircd ;hove:. Tho plot,s ill Figure: 2.4, froin [24]; sliow t,li;~t t,lic: prol)c: we: wcrc.: using 

\\rils fiuic:t.ioiiing i1.s it sl~oilltl. 



Field sensitivity 

h111d1 W O Y ~  IMS I ) ~ x : I I  i1011~ t * ~  (%l~iir;~(:t,(!ri~(! t h  iioisc ill ~111illl Hid1 ~ ) Io~( : s  I)C:(:~UISC! 

1.1,s t1isc:lissc:tl ill t,l~i: proviolis sc:c:t;ioii, it tlct,c:ri~~ii~os t,lic: liiiiiiiiili~~~ (lot,(:(:till)l(! fi(:l(l or 

sc:lisit,ivit,y of t,tio t1ovic:c:s. Tllct 111aii1 S O I ~ ~ ( : ( ' S  of ~loise: in Ha11 pwhc:s ;~ ro  .Joliilsoi~ ~~oisc:, 

i ~ ~ i t l  cxc:c:ss i~oisc (11 f ~~oisc!). The: osl)c<:tc:cl Joliiwo~i i~oisc: l in~i t  for t.l~(w: (I(:vi(:e:s is 

( I ~ T R ) ' / ~ / I R ~  -- .o~G/Hx'" a t  77 I<; wlion! t,ypi(:nl ml,lla:s tor tla: 2-poilit rcsistm~ci:, 

drive! (wrr(:i~t.. a , i~( l  Hall rcxist,aiicv ww 11sc:tl ill t,ho c:al(:uli~tioil [3l]. 

T_Jiifort~liii;~.t,cIly t,lio OX:~:SS 11oisc is t,lic liiilit,ilig fi~c't,or oil t,lic: sci~sit,ivit:y, il.li(l it, (:o111os 

ill ttllo forui of r;1.11doli1 tct1cgr:q)li noise (RTN). RTN is i i  (~)i i i i i~oi i  ~)11c:1io1i1c:1io1i ill s ~ ~ i a ~ l l  

Gil.As/AlGaAs tlcvic:c:s, iulil i:;111 I)(: s(:~:II (:l(:i~lv ill t.11~ t,iiuc ~.L.~L(:(Is of Figure 2.5 ws 

c1isc:r'i:t.c: st.c:~)s ill t,llo sigiml. Jt, is ~t~rol lgly ~11~1)c:c:to(l t1ii1.t~ t,llo R T N  is c::l.nsc:tl I)!; <:l~w.i~gcs 

i l l  t,llo rc:iiiot,ct i i~ip~~r. i t ,y  or t l o p ~ u ~ t  c:onfigllra.t,ioii ill t,lic: tl(vicx:, a,litl tallat, OM: iuipurit,y 

01: do11or 1iol)pilig h:t,wi:(:il t,~vo st>t~,tc:s coiist,it,~it,e:s ;I, swit,clic:r i~,t, :L siiiglc: fr~:q~ic:~ic~y. 

T(!lcgr~q)l~ mist fro111 a, siuglc switd~c?r is ;L Lorc11tzi:m in f r c c p ~ w y  sl)aw, 1)ilt if  t , l ~  

sp(:(:t.ra o f  111lilti1)l(: ili(lc:~)(:l~(I(:iit. switdlcrs arc i ~ l t l ~ t l  togc:t,lli:r the: roslilt, rcwi111)1(:s a 



gate voltage, relative 
to hall cross 2DEG: 

m 
6 3 0 0 0  

10 

. - 
cn 

OmV 
-1 0 

a, 200 a -20 

P -50 

Hicks lias foliiitl t,lli~t tlic: aiiil)litllitlo of t,liis osc:c:ss iioisc. g ~ o w s  ri~.pitlly for 1)rol)os 

sillallor t,llaii -500 11111: t~lilis iiiiiliiiiiziiig it t)o('oiiios (1~~01ltiil.l if t,lio (lcvi(x:s il.r(' t,o 

c:oiitiin~o t,o sliriiik. This is t,lio sut) , j (~t ,  o f  t:lic: st,litly tlisc:l~ssc:tl ill 14) wlic~rc~ 1ic systloiri- 

iltically iii.irc:st,igitt,c~s lion: 1,lio sc~lisitivit,ic:s of 100 11111-scale HtJ1 pro1)c:s ctlii I)(> opt,iiiiizc:tl 

b y  t,~uiiiig t.11~: gate . i d t , q y  aii(1 (lriw: (~~irr(:i i t .  Tlit: largest s.ivit,(~liiilg t:vtwts 01)s~r.iwd 

for 150 11111 H d l  I IYO~)( 'S  WOI.(\ 9.6, 14; illltl 57 12: (:i~(:li f01. il  (lig(w:iit, 1)1.01)(' 01. ('001- 

tlowii, wliic*li for i l  Hall c~oofh~ic:iit of 0.212/G, .ivoliltl currc:spoiitl t,o ficltl iioisc! of 48, 

70, i ~ i t l  285 G~LUSS rcy)octi.idy. Tiiiw t;rtlt'(~ of t l l ~  ~igliill f1.0111 il 150 11111 Hill1 1)~01) ( '  

for .iril,riolls g:lt,o .iwltii.g::c:s arc: sliowli i l l  Figlirv 2.5. Hicks f01111(1 t,lii~t> t , l~i~iiig t,li(: jiil,t,(! is 



iimro c&!(-t,ivc: t,llm t,liiiiilg tho (lriw: (:~iri.(:iit,, aiid s(msitivit,i(:s of a fbu7 G ~ i s s  c)i,ii 1~ 

i~(:lii~:\r(!(l for 100 ~ i i i i - ~ ~ : i ~ l ~  C;aAs/AlGaAs H;~11 1)l.ol)c:s good oiioligli t80 iiiiagc vort,ic:c:s 

ill slil)cxc:oiitl~i(~t~ors. Sill(:(-: iiiii~giiig vort,i(:(:s will I)(: tho p.itiia.r,y 1 1 s ~  for 0111. SHPM, t81ic: 

150 11111 Hidl l)rohc!s arc IMVC i~r(1 of g r ~ i t t  I ~ I ~ O  t80 I ~ S ,  ;1.11(1 t.li(:!r ( ' 1 ~ 1  I)(! (:il,~il~r ol)t,iiiiiz(:(l 

for scmitivity oil c:a,c.li cool tlowii wit11 our tliiia1)l~~ gat.(: volt,i~,go so11rc:o. 



Chapter 3 

Mechanical design of the scanning 

Hall probe microscope 



CHAPTER 3. il/lECklAllilCAL DESIGN OF THE SHP!V 

/ 
Scanning stage 
- x,y,z fine motion 
- double-gimbal rotation 
stage 

Sample stage 

x,y,z coarse motion 
- thermal control 

\ 
- capacitive touch-down 

- Attocube inertial stick- sensor 
slip positioners 

- capacitive position 
read-out system 

Overview of the design 
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3.2 Sample stage with touch-down sensor 
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Gold film on cover slip 
(capacitor electrode) 

\ 

Round brass elec 
I A  = 0.64 ( 

200 pm glass spacer (not to scale) 

Samples 

/ 
Cernox Thermometer 

r l  kC2 Kapton strip heater 

- Ipper base I 
\ Stycast epoxy 
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Scanning stage 

3.3.1 Large area n:, :LJ scanner 
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ted underneath) 
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10 i ~ i i i ~ ~ i t ( ~ s  for tli(> two M ~ I V  (ll(~(.tro(lc>s 011 ( ~ 1 c 3 1 1  f i l ( c t  to  j ) c ~ ~ ) ~ ~ i c ~  c ~ l ( ~ ( ~ t r i ( A v  isohlv(1 

T11(y W Y ( ~  t l i ( ~  wirv(1 ils sliowii iii  Figliiv 3.4(1)) 1111(1(~ a ii~iciosc-op\ ~wiilg si11a11 (10th 

of solitl c40rcJ soltlvr, ant1 flrw to  emit ac.t t l i ~  uickcl sl~rlaco. 

T11v govcwiiilg c~l11:ltioii for tlicl tlc~flc~c~tioii of ail S-l)cwtl(~r is givc~ii I)y 

131. :uiel i t  is casy t,o sliow why it is l ~ l f  tho rc:sl)oiiso of ail ~ii~sogc:iiic~~tcxl 1)(\11(1(:1.. 

H(:w V is t,lic appliul volt:qy, L is the: lc~igt~li of t,li(: 1)ciidci~~ T its t,l~ickiicss~ ~ i ( 1  d 3 L  

tho ~)ic~zool(:c~t,ri(~ c:oiistai~t (st,ixiii pclr al)plicd c.l(xt.ric fioltl). I t  was t l(~i~~oiist~i.ato(l  ill 

[3] t,lia t t.lic: low- t8oillp(:~;lt~1ir(: (4.2 I<) r(:sl)oiisc: is t1cc:roasc:tl I )y il. filc:t,or of 8 froill roo111 

ti:iiil)c~rt~,t~~r(:. Tliis wls  vcrific(1 duriiig ail (:i~rlic>r (hi)-prolx: e:xpcriii~(:iit, w: (,:l,rriccl 

ollt, arlic:rc. arc c~lii~rttc~t,c~riz(:(l tho ros~)oiisc of tl I)c\iitlor a.t 300 I i ,  77 K, aiicl 4.2 I i .  Oil(. 

t,lliiig t,l~tilt, is i~o t ,  clis(wssc(1 ill [3] l~i)n~:vci., is tlic i~ i (wasv  ill the> (l(:l)ol;~riz:l,t,ioii fi(:l(l 

o f  t.llc. lllat,(Yiid :It, lOW t~(~l l l l )O~i~t~l l1 ' (~~.  AS sc:(:ll ill t.hc' ;lj)O\i(: (:(llii~t,ioil, t h :  i l~i l~i l i~l l l l l  

tl(:flC(nt;iOll is lilllitC(l 1 ) ~  t>llO lC1lgtjll Of t,jle: 1)(:11i1(:1. tlll(1 t h :  l l l i l ~ i l l l l l l l l  tLl)l)li(Yl \'Olt,iLKc'. 

wlii(*li (Iq)(:iiils oil t,11(: il(:l)ol;i,rizi~tioii ficl(1. With tui iii(wasc(1 (l(:l)oltl,rizt~t,ioii fi&l you 

ct~ii  (lrivc tlic l)(w(l(:rs liar(lcr, :~ii(l :u~l i i (v:  t,lic sa i~ ic  s(, t~ii  raligc wit,li :L sliort,or lmi(l(:r. 

Wc s l i o ~ ~ ~ ~ : ~ l  t,liat, tlw l)i:i~(lcrs u)lll(l 1)c (1riw:u t,o :ll)o~lt, GOO V l)(:forc t h :  r(:sl)oiis(~ 

I)oc.a.iric: Ilyst,cm:t,ic ;~ i i ( I  iioii-r(:1)ro(11l(~il)l(:, i~i(:;uiill,g Lllilt. tlw 1)(:11(1(:1. nitlS irr(~vi~rsil)l,v 

tlail~a.gotl. This is twic:o t,lic voltqq: ;q)l)lic'tl i l l  131, nh:i.c~ t,lio tlisc.~~ssioii focasos oil 

(x)iiiptuiiig t,lw r(:sl)oi~s(> m(l r(:soii;m(~ of tl  t , u h  si~tl,i~iicr wit,li t,lic (loul)lc S-l)(:ii(l(:r 

tlcsigii. Tlic: S-1wi1tlc:rs will olit ill l)ot,ll c:tl,t,ogo~ios. Sic~gcl's closig~i was I I O ~ ;  l~owovor, 

hdly ol)tililizc?tl for a hifill r('~01liilIlt~ f ~ . o ( l l ~ ( : ~ * y .  Thi: l~ l l g th s  of t l i ~  l)(:ll(k\rs ~ 0 1 1 1 ~  into 

t.l1(! l ' (~~0l l~l l l t  fl'(:(lll(\ll(.i ilS 1 /L2,  SO 1 ) ~  ill)~)l!;illg t,\~i(:(: t,llC \'OIt,tlg(?; t,l10 l( \ l lfft l l~ Of t,ll(? 

t)cii(lcrs ( a 1 1  I K: r u  lu(~(:(l I )y l/  fi? for t,lic s:1,1ii(! r:~iig(:, t,li(:r(>l )y iii(m:ilsiiig t h :  r(:so~ituit~ 

frc:qll':ll':y I)!; 21 ftlctor of' 2. 

Chlil)ixt,ioii of 0 1 1 ~  2.5 iiidi 1011g s(~il,llii(~r s l i e ~ ~ : c l  it t,o 11;l,\~\ i) ,  V O O I I ~  t ~ ~ : l i i l ) ~ ~ t ~ t ~ l ~ ( :  

r(:Sl)Oll%! of :3.3 p,lll/V. illl(1 il. 3 .2  1< l.(:S~)OllS(! Of 0.43 p l l l / \~ ,  i l l l~) l~~i l lg  til IOU; tOllll)O~tl~~lll'(? 
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3.3.2 Fine x motion 

Twice segmented Z piezo benders 

3.3.3 Fine motion calibration 

t h !  (:idiI)riLt,iON of  tJh!  ~ ( : : ~ l l l ~ ! r  \{I(: IM! t,110 (n:q)i~,(~itliv(: "t,r;~iii])oliii(:" S ( ? H S O ~  ( h b r i h ( ! ( 1  

owrlior. R(>(*i\,ll t , l~a , t  t , t ~  roo111 t(! l i l l )(?l . t~t ,~1.~ 1.(!8])01180 o f  tho  t.oll(:li-(10\~11 S C ~ ~ S O ~  is 

0.014 1)F/p111, i\.ll(i it (:;1,11 I ~ ~ O ~ I S I I ~ O  (lisl)li~(~(:iii(:~it~s ( 1 0 ~ 1 1  tjo 2 11111. T 1 1 ~  2 iilot,ioii 

is c: t~l i l~~xtocl  first by siiliplv c.oiliprossiilg t . 1 ~  t.ol~c:li-clo.cvii sci1sor; t h i  for tllc lat.ora.1 

iiiotioii, wc IISC i ~ i i  STM t i p  t,ou(:li (lowii lit, scr im of 1)oiiits over a gratiiig, m c l  us(! tlic 



I l l  

Calibration sample Tungsten STM tip 

z calibration 
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20 40 60 

Volts on z benders 

z, y calibration 
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-150 -100 -50 0 50 100 150 

Volts on x piezo benders 
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2 -2 0 -1 5 -1 0 -5 0 5 10 15 2 0 

Volts on Y benders 
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-100 -75 -50 -25 0 25 50 75 100 

Volts on X benders 
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3.3.4 Double-gimbal angular positioner 

Glmbal rings 

1 

+5" range 
I7 

I I 

Hall probe 

r Sample 
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X position (pm) 



3.3.5 Flat surface topography 
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Coarse motion 

3.4.1 Three axis Attocube coarse motion system 
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3.4.2 Capacitive position read-out 

X Attocube 

'L 

~ a 6 2 t i v e  sensor add-on 

stage motkn 
C - 

Stycast epoxy 

-Outer eletrode 

' K e r  electrode 
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- 2 U 2 4 6 8 

Translation of X Attocube (mm) 



3.5 Superconducting magnet 

~lsiiig t lie. c.cl11atioli for iw11-iiifiiiitc> solcuoicl. Tliv churl*c.iit, is proviclcd 1)y ;m HP 6642~4 

 pow^ s11pplv o1)(\iatilig ill coi~staiil c11~rc~lt ~iio(l(\. O d y  t 1 h 1 1 t  1/3 of  as1 Aiiip is 

i i c ~ ~ l ~ ~ l  to procl~lcx' tlic\ l l l i ~ ~ i l l ~ l l l i i  fi('lc1 (lis(wss(~(1 : t I ) o ~ ( \ .  
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Chapter 4 

Thermal Design 

4.1 Cryostat 



Top of SHPM insert - 
R J f  

Nitrogen fill port A 

pumping line 

p ~ l u m i n u m  plate 

&--- Nitrogen dewar 
1 (helium dewar inside) t 
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4.2 Sample thermal stage 



CHAPTER 4. THERMAL DESIGK 

4.2.1 Heat transfer from the sample stage 

Tlw sai~iplc: st,itgc: is ~ i o t  ill clii-act, cwiit,ltc.t with t,lic: l ic l i i i l~~ I)a.t,li i ~ i d  sit,s OH top  of  

t,lic: 2::  y! ;. At,t,oc:~ihc:s, wliicdi a.rc mo~iiit.(:d t.o tllc low(:st. I o \ d  of t h :  (:xpciii~~(wt,, so  

t,ll(? 1lCat. fl'O111. t h !  ~ltlllplC ll(:(:O~~il.l.ily t,ilk(:~ il 1011g 1);lt.ll ;l.W;LV fi.0111 t h :  ~tl.lll~)h! t,O t,llib 

h i ~ t , l ~ .  To  cils~irc good ~ I ( Y I , ~ ,  t,rai~sf(:r ;i1011g t,liis p t , l i  t,l~roligli t,lic (:sl)crim:i~t,,  wc l iwc  

~ i sod  ii~iit,ci~iii,ls wit,ll goo(1 tlioriiid (*oii(li~(*t,i~rit,y t,o (~ ) i i i i ( : ( t  t,lic w r i o ~ i s  st,il,gos, PVo 

us(:(l (:ol)l)(:l' I ) O S ~ , S  as ~t~aiitl-OHS I)(:t,n:ooii t,ll(: lid of t , l ~  Vil( : l i l i l l l  (:il.ll il.ll(l t ,h :  ~(:il~llllillfi 

St,ag(', :llltl t,ll(! ('OiLl'SO 1llOtiOll iLll(1 ~111111)1(' ~t,ll.gO ill.(! ll('lt1 1111(1(!1. t,llO ~(:illlllillg ~t,il,gO I ) J ~  

i1,ll illlllllilllllll pip(?. 

Tlic: iiiost t,llori~idlv wsistjivo ol(:iiicmts a lo i~g  tlw lioat pa th  frolli t,lio s:uii~)lo t,o thc 

l-)i~th wwc: t,llc pic!zoc:c:raliiic: s t ;~ :k s :  wliic.11 iL1.0 iiit,(:gr;l,l pilrt8s o f  t , l~c  At,t,o(:~il)os. To sliort, 

c i ru~ i t ,  t,licsc, I 11scd picws of ( : o p p ( ~  hri~i(i  t o  1-,licriiially liiik t,lic h s o  Hi~~igc ,  oil wlii(*li 

t,ho At,t.oc:~~l)os sit., to  t.lic! s iu~~l ) l ( :  str;1g(! iui(1 t,o t.wo ot,liol. poiiit,s il.lollg t , l~c posit,ioiiors. 

Tllc pict,uro of Figurc 4.2 slmws 1 ~ 1 v  t . h  trlic~riiial lilili is lilaclo to  t , l ~ :  c:ol)l.)c?r 1)ilsc of 

the s i i ,~i~plc  st,ii,g(:, i1m1 t.11~ others a rc  111dc ill a. s i i ~ d a ~  f w l i i o ~ ~ .  Tli(:sc t81~oriiid liulw 

;in! vorv offwtivc. ill c:str;~c:thg t l ~ :  llc:at, produc:c:tl 1)y t.liv At,t.oc:~il)os wllc:ii t h y  ~liovo, 

as w:ll ;is from t,llc: l~oilt,cwl sa11ip1c wl~cw it. 11c:cwls t.o 1 ~ :  c:oolvtl h : k  tlowi~. 
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Thermometr 

4.2.2 Sample tliermoinetry and heating 
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Siiic*c: t,llc 1)asc: t,o~ill)c:l.a.t.iii.(: is ii111(:11 ~ii1;111c!r t l i ; ~ ~ i  t,llo s;11111)1c t.(!1111)ori~tl1l.~ for i ~ ~ o s t ,  of 

its rn.iigc?, wc: c:ilai iicglc(.t To: i ~ . l ~ ( l  t,llc: ( . o o l i ~ ~ g  t,iiii(? is siiii1)lifiod tJo 
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Solvi~ig for t,li(~ filial t , ~ ~ i i i ~ ) c ; r ~ ~ . t ~ ~ ~ r ( ~  11(!rc sliows t.liat, it is ti11 (xpoli~wt,i:ll (l(>(xyii~g f~iii(-ti011 

111 t h  s i ~ i ~ p l c  sit,litl~t,ioii, t,lic c:\iil,ril,(:t,(!rist,i(- (l(:(:il>r t,ii~i(: is 7 = &. 
111 ollr (:as(! w: (:till solvc for t h  coolillg tiiuc lilorc a(:c~~rat,(:ly b y  usiikg t,licri~ial 

pro~)c%tios c.li:l.rw,c:t,c:rist,ic* of t,ho glass iuitl ~i~.ppliir(? ~wcxl t.o co~lst,rl~c:t t,lic t l ~ c ! n l ~ l  stag(:. 

111 t8llo tjc!~lll)(".:~tjl~l.t\ l'illlff(: 4 K t80 100 I(, th(: tll(!ritiid ('oli(lll(:tivit,y ilit,(:grill of  l)vr(:X 

glass is k)(T) OoT"' 2 0.03 T ' ~ / ~  MT/iii [:$GI. Fo~. tJll(: ~i~~)l)lLir(! ~)os, wlii(:li l l i l~ i l  1llilSS 

of 0.5 g, tlic lica~t c:a.pwity is C,! ==: COT3 - 8 x 10-'T3 .J/K ill t.11~ si-uli(! t . o l ~ i p ~ r i ~ t ~ l r ~  

l'allgcl. Mi(! (:it11 110W C ~ i l I l l i l t O  th(! (:OOlillg: tilllC ll~illg Eq. 4.3 t -0 1)O 

SHPM insert design 



Tlic: liigli volt~gc: wircs for tlio sc:alliior arc l.)ro~~glit <IOWII t , l~c c:c:nt,ra.l t,d)c:7 wldo  

t,l~osc: for tlic: c:;l~):i,c:it,a~ic*o, t,lic:ri~~o~iiot,ly ;l.ii(l li(:;l.t,iiig, Ha11 p r o l ) ~ ,  a i~ t l  t,lic c:oa.rsc i i~ot,ioi~ 

wt: l ) ro~~gl i t  dowii tali(: ot,liw t111ws. Siiiw t,lic wires t1.r~ (~oii~iiig fro111 roo111 t,(:iii1)(:rt~t,11r(~: 

t.lic:y iicrel(w1 lo I)(: Iic:a,t,-siiiik bcforo goiiig t,o ally of c:oiiipc:iic~l~t.s, wliosc op~w~t, ioi l  

l'(:ly 011 this: p ~ ~ l s t , i ( ~ l l l ~ ~ ~ ~  for t ~ ~ l ~ l ~ ) ( ! ~ ~ L t ~ l ~ r ( :  ( : o ~ I ~ ~ ~ o ~ ,  \vh(:r(: w(: \Vi~,llt. to  ~ii(::lsllrc: t h !  

t,c-!~i~l)t:ra.t,~uc: of t,lic: stuiil)l~~, not, t,hc t:iitls of tlio nriros. R)r  l~oat, sii~kiiig, mo fixotl 

c:ol)l)ci 1)ol)l)iiis t,o t,llc! ~iiitl(:rsitlc ol' t,h! lit1 of tali(! ~ : ~ : ~ i ~ i i i l  (:a11 itii(I ~r11pp(:d ( ' i d 1  wire 

t,igllt.ly around tllcrll a h i t  10 thc:s. To ciisilro g e ~ t l  t,li~rl1ii~1 c'O11tsilc:t~ I ) o ~ ~ w ( Y : ~ I  t8h: 

wirc wrap t m l  t h :  l)ohl)iii, w(: first wrapp(x1 t.1~: 1)obl)iii wit11 a pi(!cx: of tliiii pti,pcr 

soakctl ill GE v;ui~isli. h ~ I o i ~ :  i111porf ;i.iit,l!;. 11owc:vc:r, we1 oiis~irc!tl gootl t.1~criiia.l c:o~til,ct, 

I)ct,nx:t:ii t,hc l)ol,)l)iiis m t l  111(1 1)i3;~,ss litl. 'To (lo t,l~is, wo p ~ ~ t  t,lirougli 11ol(:s clowii t;lic: 

c(:lit,ral ax:s o f  t,lic cw1)pcr hoh1)iiw t m l  t,li(:ii ~isccl 1)r;lss h11,s t,o at,t,w11 t,lic:~~i t,o tlic 

litl. Crass lias n, lil.rg('r t.licnnal c.ont,rl-l.c:tioii th.11 copper, c:ausilig t.lic: t)ohl)iiis t,o h: 

1)i~c:sst:tl oilto t,lit! ~iiitlt~rsitlo of t,hc: litl ~ipoi i  cooliiig tlonrii. 



Chapter 5 

Scanner electronics and software 

5.1 Scanner electronics 

TO :l~)l)lv 1'01 t.;bgW tJO t llV pi(:zOs Of t,ll(: X, 9 ,  2 fill(: 1llOt iOll ,  WO 11S(1 t,lll.(:(' ('llilllll(!h 011 i l  

10; / ) i t  Ni\t,ioil;~l 1 1 i ~ t ~ ~ ~ l l 0 l i t , ~  D / A  ( : i l ~ ( l  illstidlo(1 ill 0111. D(d1 PC:. Tliis i~llil10g ~ll tpl l t ,  

has a ra.iigc! of oiilv 0 10 V. To obt.ail~ the largo voltlagc:s iloc:c!ss~y t,o tlrivc! t h :  piwo 

t)(:iiclcrs, IVC limw 1 i : ~ l  a (x~st,oi~i t~iii~)lifi(:r l)1iiltt by the SFU (:l~x:t~ro~~i(:s sliop. Tlic siliglc 

iiip~it, fi.0111 t.110 D/A ('i11.(1 is 011t~l)llt f 'r~iil  t,l10 il,lli~)lifi(\r ilS ~ , I V O  ~ i g i i i d ~  s,viiiliiot,ri(: i\l)0111' 

g1~)~11tl.  Thc. i~iil)lifi(:r 1la.s tl~r(:(: g:.aili sc:t,t~iiigs, wit,li ;\ iiiiixiiiilllii o f  giliii o f  30, (:ibl)iiI)l(' 

of pro(luc.ing a 600 V t1iffcrc:ilti:d signal for low tcliipc:r:rturc! llsc:. Ail ii~t,c:rloc:k (:an 

also bo svt a.t. 100, 300, iulcl 600 V t o  prot,c:c.t, t,l~c: ])ic:zo c~lcinc~it~s fi.oiii clc~)oli~rizat,io~~ 

at rc.)oiii 1.~c:lil1)cx~l,t;~1r(:, 
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Dell PC with 
LabVlEW 

N.I. 16 bit 

I 

H A.H. capacitance 
bridge for sensors 

Temperature 
controller 

Attocu be 
electronics 

- - 

5.2 Thermometer and heater electronics 

GPIB 

I 

custom built 600V 
amplifier 

SHPM 

- Lock-in amplifier 
for Hall probe 
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5.3 Attocube electronics 

5.4 Capacitive sensor electronics 

Hall probe electronics 

W: lik~vc lisc(1 a S t ~ ~ i f o r ( l  SR,-810 DSlP lo(ki11 ;ui~plifioi~ for t'lic bias (~l~rrcii t ,  a i ~ ( l  t,ll(: 

13i\,li v o l t ~ g ( \  ~ i i ( ~ i ~ ~ ~ ~ ~ ( ~ i i i ( ~ ~ i t ~ ,  T l i ~  1)iw ( ~ ~ ~ I I C I ~ ~ ,  is t , i~,l<(~i fr0111 t , l ~  sill(: 011t. 011 t,l~(: lock-ill, 

w11ic:ll is w voltago o l i t , p ~ ~ t .  For t,lio Hi111 ~) ro l )o  t o  opcratc:: the? 1)i;ls c.lu.rcmt. i i i ~ ~ s t  I)(: 

of t,lio orclcr of 10 PA. To c:oilvc:rt. t,l~c? voltage orlt.l)l~t to t.li(? rocll1irc:tl c!~wiciit sollrc~: I 

11a.w: 1)iit ill iL 220 ld2 rosistor ill scrics with t,llc! silw oilt,. AS ( l isc i i~~(:d  ill Clli~.l)~.(!r 2, H 

1)i;ls volt,ii.g(> c.au I)(! 1)ilt oiito th: gat,(: loiul o f  tlio Hal1 1)rol)c: t o  oj)t.iniizc: t.11~ uoisc! i l l  

t ,h! (~?IJ~(:c:. For this 1 ~? I ,v ( !  llliHI(! 21,  OX with i t  I)iLt,t,Cr)' kUl(1 iL vOlt,il,gC d i ~ i ( h ,  ~ 1 1 ~ : ~ l l ~ ~ ~ l l g  

21 10 t8luii pot resistor. Tliis p ~ w i t l ( s  i l  bias \ ;o l t , i~g~ w1iic:li is v c ~ y  st,il,t)lc, i~11(1 ri1.11gc:s 

f1I)lll 0 ti) 0.5 11. 



5.6 Scanning software 

Tllct ~)rogixi~iuiiilgg 1 1 ~ s  d l  cloiic ill LabVIEW aii(1 for t,licl iiiost part, l)y Acl:i111 S(hm:i(l(:r. 

Hc usotl tlic: fcx:tlt);ic.k fiolii t>l~c: c:;q):ic4t,i1w: sc:iisors ant1 c.ol~illililiic.;ltc(l wit,l~ tlic l.ilrg(: 

a.rc:a sc:;lmor iuitl t,llc: At toc*rll)c:s to lliakc ili11)ort~aiit, \/IS o1i:Ll)lilig key fiili(tiolis of t,li(: 

SHPAI. Tl~osct t,li:i.t ii~volvc~ liwlt)a.ck fi.0111 the> c:apwitivc> sc~lsors iii(:l.~l(lc tllv sl~rfi~.(.c' 

t ,opog~xpl~y  aii(1 (:alihr;~t,ion. :d t,lw ~ ~ ~ i c ~ r o l ) o s i t , i o ~ i i ~ ~ g  of tho Attoc~lil)os. A l)tifrt,i(~~ilt~,rl>, 

im1)ortmit VI that, is lis(x1 fr(:qu(:iit81~ for t,opograpliy t w l  liiqyi(:t,i(~ iiil;i,giiig is out: t h t ,  

illltOllliltLf~ t,llO ('Oii,l.SO :~1)1)1.0;1,('11 Of t,llO ~;tlll1)l(' t ,O~il l . ( l~  tllC til) 01. I-I;111 1)1'01)(!! stj0l)1)illg 

it ;IS s o o ~  as it tlolic.lic:s soft,ljr. Tliis allows olic. tlo nlallua.lly posit,ioii t,l~c: ~il.lii~)l(: i L  

s;ik c1istailc.c: away, tint1 t,llc:n lot t,lio program (lo t,llo rcst. Hc also progra,mllcwl t~ 

sc1lf-c:olit,;li11c:(l cullsolo for t,lic: ~('ili~llilig ~ii;i.gliot,i(' iiiiagiiig wit11 il 111111it)or of 1is0r iiiplit, 

l);il.;illlc'tj(:~s ill('lll(~illg' .C, Zj S(:iL11 l.;lllg('S, S('ill1 h('igll1, ill)O~O t h :  ~il.l111)1(\ ;L11(1 S(:iill ;111gh:. 

A11 ilitogral 1 ) u t  of t,liv s(:;u~liilig soft,~vt,,rc is t,llo fit,t,ilig ;~lgorit,lmi for t,llo S ( ~ : U ~  ~llrfi~('c:. 

As lu(:litioiiv(l car1ie:r. t1o S('il11 :kt, ;i, (~olist,:i~~t, h~iglit ,  O V C ~  hit ,  ~ ~ i i ' f i i ( ' ( : ,  t1h: 2 posit,ion 

of t h  sc:lisor ~iocxls to  I)(: sc:a.mc:(l ovt:r ;I saclcll(.-like s11rf :~c~ as a f ~ i i ~ c t i o i ~  of its ..r, y 

o s i t i o  Adam ~ ) r o g r t ~ i ~ i ~ ~ ( ~ l  ;1. fittiilg dgoritlllil t,lltl.t, o ( ~ : ~ i r s  1)oforc: (:i~(.ll s(.ti,l~ t , ~  

;ic.c:ol~iplisll t,liis. 



Chapter 6 

Preliminary results and discussion 



CHAPTER 6'. PR.ELIA/IIRiA RY RESULTS AND DISCUSSION 

oilto tlic scnal~i~il~g licwl of tllv SHPRI. 



CHAPTER 6. PRELIMI1YAR.Y RESULTS AND .DISCUSSION 



CIIA PTER 6. PRELIMIATARY RESULTS AYD DISCUSSION 80 

STM fooctt)iwk ill olir SHPhl,  t,liis (:;-1p;1.(:itiw s(:iis~)r, with 2 11111 (I(:fl(:(:ti)ii s(xsit.iv- 

ity, is iildi~p(!llsitl)l~ for liigli-r(:sol~~t.io~i SHPM ii~iagiiig, ~ L I I ( ~  for o ~ i r  i ~ . ~ i t . o i ~ i ~ ~ ~ t t ~ ( l  saiiipk: 

tipproach. I usctl this sc:iisoi. t.o ('ttrry out topogi-apliicd ii~ii~giiig i i ~  t.11~: (:llilr;i(:t.~ri%il- 

tioil, a,iitl cxlil)ra.t.io~i of tlic: sc:iuiiior at. roo111 t~~iill)(:ril.tlil.(:, 77 K, aiitl 4.2 I<. Duriiig t,licx 

soii~c: of t.llcsc: cool-tlowiis o f  tllc SHPM, I idso t.c:st,c:tl t.lic: t,c:itq)c?rat,uri: coiit.ro1 i:~.pill)il- 

itios, w1lic:li workotl ncc~ordiiig to  tk:sigii. Fiiidly! I wirotl 111) a Hall prol)c:, as t1isc:usscd 

al)ov(:, ;l,ii(l obt,aiiicxl a lo~~r-t,(:iii~)(-:r:~,t,~ir(; iiiagiict,ic iiiiagc o f  a flol)l)y (lisk. Tlicr(! is. 

Iio~c:vor, stdl roo111 for soille ilii~)ro'i~i:lilc:ilt,s to  I)(: l l~ i l , ( l t ?  t,o opt,iiiiizc? tjllo ~)c:iforiii;~iicv 

of this SHl'h4 

Tlic: Hi~11 prot)o wo u s ~ t l  ill t , l ~  iiiit,ittl ~)roof-of-l)riii(:i1)1(1 t,(:st,s [Vi lS  ilot. 1)01isIicd to  

niiiiiii~izc tlic: l~cigl~t ,  of t h  iwt,ivc: rc:gioii above: t l ~ c  s t i~~q) l c  sllrfit(:(!. MTc (lo 1iowc:vc:r 

1i;wc t h :  t.ools aiitl t,lic t d i ~ ~ i c l l i o  to ilo t,liis; so I thiiik t.llc ii(:xt st.c:p will I)(: to properly 

polisli t i  Hall ])rol)(:, wliicli will 1)rillg t , l ~  s(:iisor closer to t , l ~  s ; u p l c  opt~iii~iziiig sptl,t,ial 

rcsolutioil. Furt.hc:rii~ort,, ill this (:as(:, t h  fit, t.o t . 1 ~  s ~ i ~ i p h ?  s~irf;~( 'o will I)(: iiioro 

rol)rc:sc:iit,i~t.ivcl of t h  sllrf;l.(:t: (lir(:ct.ly 111idoi. tlic Ha,ll soilsol.. 



Bibliography 



[ll] I<irt.lcy. .I. R.. id al. High re~olllt~ioii saii~iiilg SQUID 1iiic:rosc:opo. A p p h l  Physics 
Lc t t c~s  66, 1138 40 (1995). 

1221 Bjijriissoii: P. C:. Low- T(:ny)ciy.cl.l;2a.(: Sci~r6r6i?bg l~!il.,q?b('f'l:i: P~'0hi: ll/!i(a?l~~si:~p:lj o t  kh- 
ot7;c S, /L~) i~*( :oyl ,d l~ i : fo~- l~ (PhD Tlicsis, St,t~iifor(l Ijuiwrsity, 2005). 

[24] Hicksj C:. \A;. High rosolut,ioil ~ (a l i l i i l g  C~:~AS/'A~,G;I.~-,,AS Hall pro1)c:s. APS 
IVWCII. M c P ~ ~ : Y L ~  pr:,s(~~n,tation. (200(i). 



BIBLIOGRAPHY 83 



BIBLIOGRAPHY 84 

1421 MTid(ll.illll. .J. R.. Sl~)(:7'~01b~i?~(:til;it:lj 0.f ~ ) ~ ( ' t ( ~ k i  (1,7/,(1 ( : . u ~ I ) . I Y J , ~ ~ s  (I(.)I' pul)l isl i i i ig LTD: 
1!196), 


