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* NEASUREMENTS US| NG TUNNELLI NG wwm mam ELONGATE CONDUCTORSOFMAR 42083
I nvention This invention rel ates accurat e nmeasurenment and nonitoring
of fine 5 weleatdswve positions or displ q¥fent s, eg. rotati q:otai/Al@rg/omgul ar
separations or displacenents, vibrations, |linear separations or
transl ations, alignnments and m sal i'gnrrént s. O particular, though not
exclusive, interest is neasurenent of angles. f Background Art 10 Known
devi ces deSMEASTREMENTS USING TUINREING CURRRS  BEEWERT ELONCARHF@PUCHeRSude
autocol limators, diffraction based systens and gears based systens.
Aut ocol I i mat ors use neasurenent of angular deviation to determne in turn)
eg, straightness, flatness, squareness and parallelism Mdern forns use
| aser di ode |ight sources and beggrpbi fivehEonand i ncorporate a m croneter
in the eyepiece 15 view ng system for accurate neasurenent of angul ar
di spl acenent . ypi r%hgaﬁésa?é:s%rta@la%éua&@n%a%ﬂérﬁéﬁpaﬁésmrﬁ.fym SRR T ng
range of 160 arcsecon known goni onmeter-style instrunen a pair of
r adi al Sgrrze!atwgspcsjtmse drndigplasemeats, aegxnrqtahm@peeoawrarseps@ann@dorby a

i ough (FERRATE o draieny et SridaBbft, & Habshitkbl. BB alBn ne

two resulmratigermental Ofi parioulandiheagh oot aixciusive, dhréstnisoedaberemareadi e
reading head with respect to the fixed head. Accuracy achieved is said to
be 0.1 ar¥$®%nd. These prior devices are rel atively expensive and
typically rather large instrunents. Oten they forma key part of another
scientific apparatus, such as a 25 diffracteneter, where the precise

¢ measure of angle determnm nes the BaskgrtundApnd quality of an instrunent.
Accuracy of angul ar neasurenent is the subject of Zhang et al. "I nproving
the Agguracy Nnmga@i&@@aeglgﬁwvorwﬁ%gmm@hnébéuremenaoatangges indogal s of

t he 0 5 MAR 2003 WO 00114476 PCT/ AU99/ 00?33 2 CI RP Vol No. 1 (1994).
Thi s papé@uteadiseatess. t rdiffiastions hasgex YSRMhgsAd t Be8Ihe brgadt i stems.

transm s L %‘%"hm% %Q%e&&ﬂé&%ﬁ%ﬂ%ﬁéulﬁf"ae(/%rﬁ%tt% AR APl e

ar csecon I nstrune object of this'i entlon
to provi dﬁafgbﬂnéssnﬁatmeasmtm&mﬂesar&d!d@mlﬁahlsm| NMpdefn fcm'rast useelagesdibdens or
di spl ace

whet he ar_or otherw.se, to a tlsfactory
Coont ac e TERE BoutBS el paRASh Blars b4 MacPoorRte' 3 ASmetdr T 168, siBieke
i nst rwremewﬁ@@yé@ﬁhfurwaratcsmmmer@énttdfearigwm.s@lacaﬁ@nt NT@pichofedir oposes
an approach quite different fromthat previously ' 10 used, and entails

noni t or i AGCYIREIS§ AR O REGIRARIDS: HRf %@PP%‘M”%@%@&T %W*]S’F%%”Hﬁét e electrical
conductors, preferably of nano di rren5| ons. In a preferred enbodi nent) two

arrays of aI i g_ged conductors rg/ used, and these na advant g?eousl y be
car bon nanot uBe@ kneNE geRiemeteT ﬂﬁd%?tai'ﬂﬂ"tyapi"ﬁ‘\r/l dadig; ﬁ'%f"ﬂsr algdBect, a

met hod ofyn[ERAS4t'd UE:f&r?h ﬁgéé@%nm&?é lsRAMAEH bY& bﬁﬂr%tf'réﬂdlﬂgsl’\édo%” Ohe of
di spl acenent of two elenents, including: associating thé elenents with

‘respect i thesel isstationagt while theapthed moves dirougtites sghegta h@ meAsdrRd. of Be
oref oa0}iafk BRBLLKHIRLE (b STH o ZH) Uil i RAGAL HERAABY BRRLY N0, an

el ectric erence suc I'e” quant um
t unnel | i ngation béthe heiveable fteladimg eed with respect to the fixed head. Accuracy

achieved is said to be 0.1 arcsecond.

These prior devices are relatively expensive and typically rather large
instruments. Often they form a key part of another scientific apparatus, such as a
25 diffractemeter, where the precise measure of angle determines the resolution and

quality of an instrument.

Accuracy of angular measurement is the subject of Zhang et al. "Improving

the Accuracy of Angle Measurement System with Optical Grating”, Annals of the

L
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20 detecting and/or neasuring said quantum tunnelling current.Qfr AR 2003,
- thé relative positions of the conductors is adjusted to deternine that \
position at which nmaxi rum quantum tunnelling current is detected. In a
second aspeoby/idshe | nventi on provi des apparatus for use inpgBagyong and/ or
nonitoring the relative position or displacenent of two elenments. The 25
apparatus includes a pair of elongate & ectrical conductors adapted to be

associated with the respective elenents, and neans for disposing the
conduct or §IRP (I 3i3vAR. JoOP9%D JdysLAaRe" PXOPOAES 3@ iEe30R3iNdgx araings! yith
substantigl} ¥urﬂ:ltfoﬂr1?ﬂws'rrgs§yly,’ nYotREF @Aﬁﬂce?‘ﬁérﬂ%f S5 DL Do P %cgﬂjrggk/alof
separati on such that a detectable quantumtunnelling Current may be
gener at ed).Betressonth evithomn ptdietype pisteateran of an el ectrical potenti al

di fference between the conductors. 5 The apparatus may further include .
means to apply said potential difference, and neans to detect and/or
measure the quars wm tobjece! ofi ks daverdivn bhetproeet e Enaduetouemdnt efey abl y,
t he apparatus further includes neans to adjust th el ative positions of
the condUBPBRATIS, ofelAtYEnBOTHIRS \fsfEPEReaEN i BRemE! AIHYIahamash 20
tunnel | i nghemisENo 4 %adﬁbe@hfedccm’aey P&t &I raferabi) SettACHBRR hatBhiBRPNE OF
nore of a rotational or angul ar separation or displacenent, a vibration, a
| i near se¥HT rowm instrunesnts pad IRANNIGUESal | gnment and a ni sal i gnnent .
Preferably, the electrical conductors are of wwdth 1 mcron or less eg, in
one 15 or nore enbodi ments, of wdth in the nano-order to sub-m cron range.
fn the latter case, the condugimmaryay thelfhaMtyh nanot ubes of arbitrary
helicity or radius, either single or nufti-walls of carbon nonofil anments,
or nanow res. t i A r VHi i ~
sub-m cron qué@:e @ggeﬁﬁﬁhﬁqoﬁgﬁﬁ%ﬁgﬁdgr gg@#'@%@%%@dﬁ%@ﬁ?&%“ﬁ We (
condu@ ornsetnyarise erftailsemgohitaringmtive  Geantunp guithellicg nducenr bemmgerbawo

iated with th f i t bej ; ted i
ool nri Poate Rl R ER, STRIK 0o SRAE dTBERLERS! DR CeliRrace of
thedSU:)STernﬁioﬁimihﬁ b atrags eof naligneed, ce@guctorsoiniagl 08 @se, YaidthdsacmayThe
conauctors na

be'é’gl aced al ongnresgecti ve atom c steps on a vicinal

surface. 2EY3RRE8EEIYIO-\FABILNANULDLS.cal conductors are arranged in
respective 25 ordered grids or arrays of electrical conductor segnents,
preferably wired.in parallel,e.qg. through i ngl e, suppl ead, which grids
or arrays ar eﬁ-gshﬂeé‘gfﬁﬂta&FVWB(Pé’ﬁeéi ?gf%aégg% EBMthrB‘Fa%’é’QEents in
suf f 16l eBhdRr Fdriforing t9e AERMIIDEKIGT bRAkBlagERRNY BT I BRIV isdlidiggts.  Q
5 MAR 2003 WD 00/t4476 PCT/ AU991 00733 4 Brief Description of the Draw ngs

The invention will now be further described, by way of exanple only, with

respect to t h&sﬁﬁﬁéﬁm&ﬁé‘ie@néﬂ'ﬁt_g\wwﬁ%s?éé’dv\é*’éléﬁgatgé]é'étﬂcé% dondactbFagnent ary
cross-section of a first enmbodi nent of nano- °

disposing the conductors preferably in approximate alignment, at a mutual

o

(

separation and applying an electrical potential difference such that there is -~

a detectable quantum tunnelling current between them; and
20 detecting and/or measuring said quantum tunnelling current.

Preferably, the relative positions of the conductors is adjusted to determine

that position at which maximum quantum tunnelling current is detected.

In a second aspect, the invention provides apparatus for use in measuring
and/or monitoring the relative position or displacement of two elements. The
25 apparatus includes a pair of elongate electrical conductors adapted to be

associated with the respective elements, and means for disposing the conductors,



5 di nension device according to the invention, with the respective

- conduct ors general ly aligned and el ectrical connections di agréﬂwﬁaMARaﬂlﬂﬁ
depicted; Figure 2 is a nodification of the enbodinment of Figure 1 in which
t he condu e substantially at right angles; Figure

simlar t?@?@ﬁ% 1 of an enbodinent that utilises nulti pl\%gr’%@%/gdrz?t,vube
conductors; Figure 4 is a viewsimlar3to Figure 2 of a nodification of the
enbodi ment of Figure 3; Figure 5 depicts a variation of the enbodi nent of

Fi gure 3préferattyl substantially iadighed mammevalapdrdife! reftgnskip6 dtsa amutuan

011§ Ses SBASETER o AR I BOl: Mo RGN DNt P pe enerated -

Langnui r uBlskgeiHent 86NAGI@BYcatlon bihan erdzestianpbierbl HiffdrsreloetivBER S I Ve
nano- di nensi on el ongate electrically conductive wires 10, 11, of widths in
t he nanocPadwdi®sSni cron di nension 20 range, are enbedded fl ush in respective
i nsul ati ng nmedi um substrates 12, 13. In this case, the wires are superposed
in substantially aligned parall el rel ationshi p, at a separation or gap 18
inthé range Ihgerpagiis ory fusiemnelnde means tarkpaesaid ipegntisgbdidiatanse,
d|fferen Y. I t here
is a qua% %}r%ﬁljgl cfgﬁg %rgjr/ ‘?‘gﬁt% g%{ﬁ% tlget vvegﬁ‘"ﬁﬁ%ﬁﬁ%micéﬁ Ttg&{?ﬂgérﬁjﬁe;bl e 25
det ect i onomﬂuortmrst 27. p 5 MAR 2003 WO 0011 J476 PCT/ A W9/00733 5 A
sui tabl e techni que for nmaking the enbodinment is el ectron beam
nanol i t hogr aphy, in which aligned conducting wire can be delineated on a
sem' conduct i Pepfarablyt rthe eapperatusi &ththescmmbdels regansntwadiq'ustsm edlative

"El ectron Bars%olltho ra hé"t’ an Kl’f‘ cIe é ﬁb "The Ph tS|cs and
, Fabr i cat PO &P&QF? &t th 88 °HRten e B%%W’bé WRCH JRXIRT YA sbuch,

~Spri Ag- V@hhéﬁingbﬁ%ht .‘gh@ltea@@crl bes and illustrates a set of parallel GaAs
conducting cores on a seminsulating substrate. In practical applications

of the device, substrates or plates 12, 13 are associated or coupled to

respective H'H'@ﬁéﬁtldmesélsﬁla‘ébhmmeb@ohe ReShdrewl d MtatbrReonaaguarcd or
nonitored. 10 in general, tunnell | ng current 100 is proport| onal to the

product tAParation @6&‘]"5@6?&'?‘?7‘%53 ofibrafign.ed Meaq spparatin &) BRNSALos) &t r odes
lie. cong ?r%rﬁ)and‘%’mﬁd&hgﬁﬁ@ﬁtterm; to the sumof the square of the
tunnelllngﬁrratrlx el ements between states on both electrodes. It is also a
sensitive function of the tunnelling potential and the el ectrode curvature.
Furthernore) mdaRhbIg ﬂ’]@@@éthbélgzo@\%ét%% areSomndtH ¢<'i1|1kbbn15r idepegdpsneon t he
spaci ng between the conductors because the quantum wave function decays
expoh@nterdnPse enbedigenis of widitua e nsnefosder, to Sul-missoni eangs: duthedafemt wi | |

be a fu ubes.
The invgcc%g qh% ﬁ?égﬁ?a%\%aﬁé%e o'?glpﬁe %Aﬁgﬁ%ﬁto?gdﬁéd% b&q{?ﬂée' ?épgﬁﬁ% angul ar
rel ati onsthiep singidnat mute-wadis exttoacboxahtmoﬁfamémStomnahdwamgs cAhemlatwélfDO will
20 chan sharé) as the Ion%ltudl nal g{) ed surface seogrreré of tlhe
,conduct € ni0R "é%%ﬁst Y hP§nECeaTiGigN r o'ﬁ'éqrogn&}“ﬁ?' OP&ET&EFBRE]

.M sal | gryspaiciers. ih @8le &ABE@IMEHRE,&hE3bhEGAbRY iy bBWTlERatR 196R desger wave
functions for the gap 18 are found in Ki ejna & %] ci echowski, "Metal
Surface El ectron Physics", Perganon 25 ( 1996). It could be dermnstrat ed

fronpgvave f unei cmwcmairyshsy tbeaisddeeated aithuihet HfvReddid der@Bhtsef befmg
critically dependent on the spacing between the conductors because the

quant umMeNEeH it e PBANJRIUIUNBIRIBIFPPEYEINgHDSHrate . Preferiy tiesiowitR @r f ace,
and the s@ﬁa@éb@%éé‘uﬂﬁ%e Wirhb @b%ﬁa@emﬁgfb'ég%b! ﬁ'}oﬁcfi of I%ecrgﬁhﬁftabé'e TRRYl e

between a pair of crossed nanoconduct or The gap 18 between the aligned
opposed copAdciorsomaynef placed alpngiespedtive lademist steps be andsinabgppfaspri ately in
the range 2-50 Angstrons, nore preferably 2 Q ~ MAR 2003 WD 001 14476
PCTI AU991 00733 6

Advantageously, the electrical conductors are arranged in respective

25 ordered grids or arrays of electrical conductor segments, preferably wired in
parallel e.g. through a single supply lead, which grids or arrays are complementary
and overlaid to place the conductor segments in sufficient proximity to obtain

detectable quantum tunnelling currents.



20 Angstroms. The conductor segnents may conveniently be of any Iength that
. can'practicably be placed and aligned on the substrate and ha&SIHAE
attached, eg. in the range 1 Nto 10-2mlong. Gap 18 may be a parti al
vacuum or weyodrsfsi | 1ed with an appropriate 5 medium Suit gk @ssEsgenent s
far accurately maintaining the gap 18 include the ' use of buckybail: (C80)
nanobearings 20, 22, or the interpositi 6ning of a separation film of an
organi ¢ nedi um preferably an organic lubricant eg. cyclohexane (further

di scl osed below). The |atter Psief Resgrption afdhe Qyawings| arly effective
approach to the maintenance of accurately parallel fine separation. 10 The
adj ust nrent neans may i nclude piezoelectric positroners of known type
suitabl e for pérfeonwemipradilusowere Birther veawitidnbysivay of @éxampidicely, with

af orenent i oned ect is furt nce t he conductors are
cylindri caf Cﬁ?&” %%1 a%ﬁ%@’aﬁyﬁ& i %k& case of the grids or arrays ifc

t he conductor segnents are connected in parallel, there wilt be an

LY 19,21 B5kd L 30% Sl LASLlbbale P Y HEN o BABHIETD afipure

wi || bes aklimehsioactiewace taszotting N umhmmnnarys with [ espeapac comdiuctorshi ch
can be swtched on an of f i ndependent | formng a "pixelised" array of

tunnel | i n@eﬂ@ﬁ'?{a@ﬂ% ?Uﬁﬁé?qt'l"‘??g cenPedtiops dirgrammatically BePictsdii na at one or
nore positions | 20 dependent on the aspect ratio (length to separation of
conductor seg ntsé and a r_.segnents of the two

| rrum conduct
grids/arrays a % & @ {7’ Fﬁﬁu S’dl”f"Frﬂs??gﬂgég ah 81 WeFRdneve
enbodi nentcohaugyefscgyetgﬁugsﬁnqgw hpﬁéht%%@gst ors conprise nmultiple parall el
nanot ubes 1Ca, 1Ob , 25 deposited on insulating (
medi um substrat es 12 13 Pr ocedures for producing a set of aligned
nanot ubes on ar Br@benan%nﬂmambaﬂe 1f&rar€éﬁﬁ%ﬁnerﬁtth§h§m&§§ it C@é
Physi cal Review™B52, 52 (1995); de WO 00/ 1a476 5 MAR 2003 P
99/ 00793 Remptube canduslersince 268, 845 ( 1995): and K| ang et al, Carbon 33,
903- 914 ( 1995) The properties of single wall nanotubes are described, for
exanp in |I{:ITTB. Nature 354, 56-58 (1991) and lijinma et al, Nature 363,
603- 605 (1993) Figess thima vigw simias tofFigure 2rqf & fogificalipr of e eabegdingss ©f i bed
at Qstli nggg_ﬁ,egl ) 5 Physical Review 8. 55, 55 (t997). A particular
t echni que } pfoducing a grid of parallel conductor segnments suitable for
this invention is by epitaxial deposition of nanotubes or other
nanodi mensi on ﬁ@ﬁfw%taép%ctena%ﬁaawefqhéte%%c%eat Y Figie_SUTdies raduced
by slicing a erystal at an angle t primary plane. e separation of the
conduct or padicelagmanner;end be regular or irregular. but is nost preferably
parallel. Figure 5 shows a nodification of the enbodi nent of Figure 3 in
whi ch the nanotubes are deposited in this way at the successive atomc
steps134, 15 ohigurest éppeiew siMiledlto figures ¢ .and Jof ssugthahdmbodimenitaf dhe
enmbodi nen espe r of cto r -
subm cronIn%ehﬂcaﬂr,:/{(}hgt:]d‘éngedJ rf%ﬁselq%}#]ésloe nﬁﬁ%tgvte r?a/%ﬁ?ﬁb%g& % é r%%%@d% tﬁw
t he conducamgraui-Blodgfettdaehmslogy. i n or on substrate 212, -

in the embodiment of Figure 1, respective nano-dimension elongate

electrically conductive wires 10, 11, of widths in the nano to sub-micron dimension

20 range, are embedded flush in respective insulating medium substrates 12, 13. In
this case, the wires are superposed in substantially aligned parailel relationship, at

a separation or gap 18 in the range 2-50 Angstroms, such that when an electrical
potential difference is applied by a potential source 26 across the conductors,
there is a quantum tunnelling current 100 between them detectahle in suitable

25 detection circuit 27.



extending substantiatly at right angles to the conductors 211 of the other

.array) in or, on. substrate 213. Instead of a right angle,
rel ati onship nay be at sonme other angle, eg. to forma di anﬁlg @Bﬂuﬁ%g

rhonboi dal whypgQE tWwo dinmensional 20 lattice. In one appl .ccr"?‘llijﬂfbo*% such
an arrangenent preferably utilising a | arge nunber of conductor 'I'rnes) the
set of cross-over points 250 will fornban artificial scattering lattice
effective to scatter a beam of atons directed parallel to the sandw ch
structure intoAt betapacecBt@ubetforcemaiiige hencdutiadimant ays eldctfrosabbaii ne i s

oo or For e oseni i s S5 Eovaistih e B8 o hemeRti ok sk
t wo- di mengdfiRting RiuBBRhle. GME|s Bescrdeanel. W WiKMRAEET AEdECAheBbash

centres. In a variation of the scattering |attice, it may further include
an array 'Saneliteparapiy’el ameadisler gpnihey teke TTaet iRtysieAd apdedtabrigation of

1- di megsi Lps, at \Wee o] okNl: 5 203 w0
o0l ssgo BERABETSE e Wi did e iy R YKL BB viarklay 138ach
subst r at g¢h3tldes@ibasi sndaitiostraiat lay setnafqidraliel é3dhy cohdantiod wirespnandetnne
conductors 310, 311 are forned tchin overlay 330, 331 of gold, and
Chen 11 | IR SIS BrograbgRticayoHog e Hevie. Srosidies Barias onol ayer
by a Langfaliare Bls@deitdd RF Wckpled 1daebyative asibAENt MRS a%g%rcéﬁ%ta& bef ore
by a cycl ohexane or other suitable organic lubricant film 318 naintai ned by

an out er RASEIONUS e baknegsweda0moniiered; | ust rat ed devi ces are effective
el ectro- nechani cal nanodevices. On the one hand, they may be applied to the

measur enent of angles, angles of rotation, rotational speed, and alignnent
cor ni Bl i gnmein 9aners.droaeling curprt 1Y) ivaRPBESBIPRLI Bigaprodpet et therlasals peed

‘can be measured)f | i L I ek i m per
unit of ti rrg(t'ggtdisg&teﬁoug tﬁ%lggﬁg%%gue%ggwg%Q%Q@ébggé}og#' 'E)ﬁg'; gr er of

0. 01 ar csermnds the sumaof theescquar® v theahgnkeling maatyie ed¢maotsopetseen states

Al ternativel the i|llustrated devices be used for asuring, or ,15

ront 1 or 1 85 Ph APGdashot i€ e § e e FiEr AT ER ipelRE helastiy 80T ¢ he
enbodi mems eMctiddileafvatured FaethEmrhsrel rqashahetinneliRgr &spast ist erifidafyot her)
there will be a series of very sharp peaks observed in tunnelling current
100. YPne dgPepdsiieon the epaeing fetwesn thy ¢eRdusiors,Be¢anASetneoHUYHYERY WaMe peaks

times th?ur?c.‘i’iBﬁ_ré’éc"ha‘Qg Ogﬁo‘f\{t%ﬁgaly;@u&ﬁédﬂfé 96§%u&8@s&ﬁé%’édgéﬁ@ﬁhé"idéte&@d?‘; the

order of the widt [ nductors, i.e. about Angstrons w
cur rent | guereal wilb| ke rearfundtiono @f alply relativen @nglgy betweemm b upain if3croanedt r ons

wi th nan Th i latd pnal . I
contri bu?‘ éHP@E\?F‘briﬁ’ g'trll\%rdéféﬁﬁtj 8#?%%%%% s%#r g*r%eﬁ@%%%?% a%é(gf’s%mrg@tkg}‘p aph.
and angular relationship in that the detected value of the tunnelling current 100 will
20 change sharply as the longitudinal opposed surface segments of the conductor
move apart with increasing rotational and/or translational misalignment or vice

versa.

More particularly, suitable Schrodinger wave functions for the gap 18 are

fo’und in Kiejna & Wojciechowski, "Metal Surface Electron Physics”, Pergamon

25 (1996). It could be demonstrated from wave function analysis that the quantum
tunnelling current is criticaily dependent on the spacing between the conductors
because the quantum wave function decays exponentially outside the conductor
surface, and the detected current will also be a function of the relative angle

between a pair of crossed nanoconductors.

30 The gap 18 between the aligned opposed conductor surface segments is

thought to be most appropriately in the range 2-50 Angstroms, more preferably 2-



0 5 MAR 2003 WO 00l 14476 PCTI AU99100733 9 CLAIMS 1. Apparatus for measuring
-and/ or nonitoring the relative position or displacenent ogds \/H)A%Iz@g@ant S,
including: a pair of elongate electrical conductors adapt to be

.associ at edw@Wghhubbe 5 respective el enents; and nmeans for djSpQgidg-i;ne
conductors at a nutual separation such that a detectable quantum tunnelling
current may be generated between them oh application of an el ectrical
potential difference between said conductors. r 2. Apparatus according to
claim1, fa0rAngstrams| doerepnduaivs segmediugiavt ¢enveniandlyfid otapysndtiviisatof t he

conductors_to ey L LC [ |1ing
current i scaaefifgg‘i"%& W gg p%%gr%ﬁsél}dgggoc%Ith‘%’sg[n%st%qéiaﬂégl %Z‘rgéﬁgaitgf@@gd
adj ust mentegeathe rangé ugdes 108%@ leng.nor e pi ezoel ectric positioners. 4
Apparatus according to any claim1l1l) 2 or 3 wherein said elongate 15 ,
el ectrical conductors ace substantially aligned in nutually parall el

rel ati onshi p. BapApPanay us acpartidi ngciumany npyeoedfing olitai an agiessidtesai d
el ongate el egtri gal conductors ar arranged in respective ordered g{ri ds or
ar r ays “of MRBETy H&?b'%@ﬁ@l‘}@?me“&&‘réﬁ%{a S HNERNIag e 9ap 1§ Bclyde the

conpl ement,ag %neky%\éﬁgbgae) GhahBoBARHR L QﬂQHéfirlﬁftléEp'EFsﬁﬁﬁmgsoﬂ 4 ségérfa'tiSB ent

proximty to obtai'n 2 tectabl e éuant um t unnel g currents. Appar at us
accor di ngfil ot amiorgahicumediim, prateray dncrganisdgbricand egf cydeexsaedfuthed or

array are tiall | el b N t . a lL.e to the uct or
segnent s 8%%@%%3(%‘@@_ z?lé)ﬁr?erés? Jhg};gégltgsée_gg%gnm%rpya%%ngs(’agpgﬁq%»ct? gggl aim5
or 6 wher giaintehancooicitetartelyeainaiel in2sepératioah grid or array are wired
electrically in parallel. 8. Apparatus according to any preceding claim
wherein said elongate el ectrical conductors are of mcron to nano-or der( -

di mensoons. 9. THepdjustnientaneanslimayg ihadude pievoiedis positiseerd oflkopgatigpe .
el ectrical conductors are carbon panot ubes or pnanowi res, or mcron to
sub- mi croﬁ“'tﬂ%é%féri?ﬁ'@ﬂ@'”@i?@éw&ﬁ% gm@mm level. \wo oon aa7s 10 0 5
MAR 2003 PCTI A U99/00733 10. Apparatus according to any preceding claim
wherein said ndugtors aye gssgpci ate ith the aforesaid el nts by being
nmounted in orcﬂ?f @gg@&?f} \PEeFng $it lsngu'g?ers&?géﬁﬁ%‘gc'fitSE §9‘B§‘E§%’Fe§rgll.
Appar at uscyainanédli B9 fbP catRinmandtiBeS. SIAl theCoASRIFFahe gidd bl Wfaywiit thé a
surface of the respective substrates. o

conductor segments are connected in parailel, there wili be an ampilifying effect

15 and this will facilitate current measurement. However, if the lines have
independent connections, the grids forming the sandwich will be able to act as two
dimensional arrays of point “capacitbrs" which can be switched on and off

independently, forming a “pixelised” array of tunnelling welis.

The tunnelling current 100 will exhibit minima at one or more paositions C
20 dependent on the aspect ratio (length to separation of conductor segments), and a
maximum when the conductor segments of the two grids/arrays are perfectly

aligned. o~

Figure 3 illustrates an alternative embodiment in which the electrical
conductors comprise multiple parallel nanotubes 10a, 10b, 10c, 11a, 11b, 11c

25 deposited on insulating medium substrates 12°, 13".

Procedures for producing a set of aligned nanotubes on a substrate are

described, for example, at Chauvet et al, Physical Review B52, 52 (1995); de



12. Apparatus according to any preceding claimwherein each said electrical
-conductor is disposed along a respective atomc step on a vi i%r)]g%gt@b?ce
provi ding a substrate. 13. Apparatus according to any one of “cl di o8
wher ei'n saiva obdapkongat e el ectrical conductors conprise respecldopgsSegnNents
of an integral conductive layer on an insulating or sem conductive -
substrate. 14. Apparatus according to @l aim 13, wherein said segnents are
separated and/ or overlaid by a nmenbrane or filmof insulating nedium 15.
Appar at us Heecet dli, Bgienoe 269, P42 EISHENY Kiangwhaf diatbeaidd. BO88dK (1395)
separation of opposed surface segnents of said electrical conductors is in
the range 2-50 Angstrons. 16. Apparatus according to any preceding claim
wher ei n sai d nliheigropertias atfi singlef wap pwenetubas Reg aesedpasht foroéxasaple, in

" electrical..conductors.js_ip.th ange of 2-20 Str : ar at us
accor di ngl'ﬂ@aaﬁ??%?eﬁ%i%g%l(ﬁﬂ) aﬁir"ém géiabﬁgg?fﬂ%g‘{égr se%gar'%gq B or
nore condgehin $RH8RMES 6 al @ dfntybbs drangrRolBescrivedl18t ZMtiink et ARpar at us
according to any preceding claim wherein said neans for disposing said
conducPor Bhysicaifiaview Budh. 82 p41i on i ncl udes an intervening film25 and
means to confine said film 19. Apparatus according to claim 18 where said

intervening filmis a filmof an organic nedium eg an organic solvent. 20.
Appar at us accof diafisulas teainigre ddpiRgueingi aridied maralled goaduelan segments

di sposin [ c A SR - | j S e or 30
buckybal =7 ac RARREREH i 8L Sl PR anoReRtiF i Hs8S 11

21. Appardimensancanrdivogprs onding aforeicextépsgoicd sicmal shdaed pradhicedysslicingn o r
di spl acenent sured and/ or m)nitoreR(} IS ong_or oI e of ¢ rotational or
(angul ar s%p%ﬂ’%‘?ﬁ@ﬁeﬁ” &f‘g% g%éarr@ﬁ'frfa% #F-at i gﬁ, PR, © s@ﬁaF%’t"%%ﬁmor
transi@t i syyménits aha @ BERGURRGrdrregSiat, i N e thostopréferabipPedalisrs FRefs ding to
any preceding clai n&sal el ongate el ectrical conductors are arranged in

respect i Vi reeditieatios of thgrembedipentpbEigure 8 iIncwRigh dhernanslhast are

wher eby t = I | SoRSE s r fal ; i ce of
el ectr ost&eﬁeﬂo%&g?:z? t%?iwn VQP? s@%%@ﬁe\rppar atgtjgé/%c?%'r g?ﬁadfgie&%glar#@éél
wher ei n sairthceattice further includes _ 10 an array of nagnetic el enents
formng the lattice and creating 1-di nensional domains at or between said
cross-aver points. 24. Apparatus according to any one of clainms 1 to 23
further includigyesearsdidbillgphatle embadigants in vdiictpdhe resrective farmysmfe) and

. ' . d
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el ectri car dEGYtiate 24Bf frRtaRCef &URght BhRale, thePglfr 2edabRstiahay BB Auant um
tunnel ling current between them and detecti E%Q%r%/tor nmeasuring said

(-quant um tSemeePihen@ngle eghto form adiamend erabe yre ef twendimensionalher
Jnclughn LURL I ; t eV, oSkt h . rm ne
one. &) niatiée B R aofichfiof dr'Suchosh afdidied BraGRBNS LRiSng & fbe

det ect ed number of conductor lines, the set of cross-over points 250 will form an artificial

(¢

scattering lattice effective to scatter a beam of atoms directed parallel to the
sandwich structure into the space 218 between the conductor arrays. If each line
is independently electrically connected, ie they are not electrically in parallel, there
25 will be a pixellised array which is an analog of a two-dimensional “pinball game”

for atoms, with predefined scattering centres.

In a variation of the scattering lattice, it may further include an array of
magnetic elements forming the lattice and creating 1-dimensional domains at or

between the cross-over points.
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15 monitoring relative linear position or translation. |f one substrate in the
embodiments of Figures 3, 5 and 6 is translated with respect to the other, there
will be a series of very sharp peaks observed in tunnelling current 100. The
distance traversed will be given by the number of observed peaks times the
separation between the conductors; the resolution will be of the order of the width

20 of the conductors, i.e. about 200 Angstroms with currently available
nanolithography technology, but about 10-30 Angstroms with nanotubes.

The rotational and translational effects would both contribute to vibration C

monitoring or measurement, eg. in a seismograph.
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s! 10%&' ( HeleTlathd cquamiraStuAneliing current may be generated between them on
application of an electrical potential difference between said conductors.

2. Apparatus according to claim 1, further including means to adjust the
( 10 relative positions of the conductors to determine that position at which maximum

quantum tunnelling current is detected.

3. Apparatus according to claim 2 wherein said adjustment means

includes one or more piezoelectric positioners.

4, Apparatus according to ahy claim 1, 2 or 3 wherein said elongate

15 electrical conductors are substantially aligned in mutually parallel relationship.

5. Apparatus according to any preceding claim, wherein said elongate
electrical conductors are arranged in respective ordered grids or arrays of
electrical conductor segments, which grids or arrays are complementary and
overlaid to place the conductor segments in sufficient proximity to obtain

( 20 detectable quantum tunnelling currents.

6. Apparatus according to claim 5 wherein the conductor segments of
each said grid or array are substantially parallel but aligned at an angle to the
conductor segments of the other grid(s) or array(s).

7. Apparatus according to claim 5 or 6 wherein the conductor segments

25 of each grid or array are wired electrically in parallel.

8. Apparatus according to any preceding claim wherein said elongate

electrical conductors are of micron to nano-order dimensions.

9. Apparatus according to claim 8 wherein said elongate electrical
conductors are carbon nanotubes or nanowires, or micron to sub-micron quasi

30 one dimensional conductors.
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| F'310%/&' () - 9RTF" Bppa itys -aromdng Ytol anyl (¥eceding claim wherein each said
electrical conductor is disposed along a respective atomic step on a vicinal

surface providing a substrate.

13. Apparatus according to any one of claims 1 to 8 wherein said
10 elongate electrical conductors comprise respective segments of an integral

conductive layer on an insulating or semiconductive substrate.

14. Apparatus according to claim 13, wherein said segments are

separated and/or overlaid by a membrane or film of insulating medium.

15.  Apparatus according to any preceding claim wherein said mutual

15 separation of opposed surface segments of said electrical conductors is in the
range 2-50 Angstroms.

16. Apparatus according to any preceding claim wherein said mutual
separation of opposed surface segments of said electrical conductors is in the
range of 2-20 Angstroms.

20 17. Apparatus according to any preceding claim, wherein said C
conductors are in one or more conductor segments of length in the range 10° to
10%m.

18.  Apparatus according to any preceding claim, wherein said means for
disposing said conductors at said mutual separation includes an intervening film

25 and means to confine said film.

19.  Apparatus according to claim 18 where said intervening film is a film .

of an organic medium, eg an organic solvent.

20. Apparatus according to any preceding claim, wherein said means for

disposing said conductors a} said mutual separation includes nanutube or

30 buckyball (Cgg) bearings.
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define a lattice of electrostatic scattering wells.

23. Apparatus according to claim 22, wherein said lattice further includes
10 an array of magnetic elements forming the lattice and creating 1-dimensional

domains at or between said cross-over paoints.

24. Apparatus according to any one of claims 1 to 23 further including
means to apply said electrical potential difference, and means to detect and/or

measure said quantum tunnelling current between said conductors.

15 25. A method of measuring and/or monitoring the relative position or

displacement of two elements, including:
associating the elements with respective elongate electrical conductors;

disposing the conductors at a mutual separation and applying to the
conductors an electrical potential difference such that there is a detectable

20 quantum tunnelling current between them; and
detecting and/or measuring said quantum tunnelling current.

26. A method according to claim 24, further including adjusting the
relative positions of the conductors to determine one or more positions at which

maximum quantum tunnelling current is detected.



