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Abstra
tManganite and YBa2Cu3O7 (YBCO) spintroni
 devi
es were 
reated and tested.High tunneling magnetoresistan
e, a high resistan
e demagnetized state, andapplied �eld angular dependen
es were found in manganite magneti
 tunneljun
tions. A swit
hing signal and applied �eld angular dependen
e was seenYBCO/manganite spin di�usion measurement devi
es. Various unique YBCO/-manganite 
riti
al 
urrent suppression devi
es were measured and showed rathersmall gains.La0:67Sr0:33MnO3/SrTiO3/La0:67Sr0:33MnO3 (LSMO/STO/LSMO)magnetoresistivetunnel jun
tions were produ
ed and tested. The jun
tion resistan
e was mea-sured as a fun
tion of temperature and magneti
 �eld applied at various out-of-plane angles. A tunneling magnetoresistan
e (TMR) of 360% was found at5K for the LSMO/STO/LSMO jun
tions. The TMR signal was present up to atemperature of 275K. Angular measurements showed in
reased swit
hing �eldswith similar TMR values. An unusual high resistan
e state was found when thesamples were demagnetized at low temperatures. Demagnetized samples showedhigher TMR values and sharp swit
hing in low magneti
 �eld sweeps than whenmeasured in standard high magneti
 �eld sweeps. A TMR of 457% was foundat 5K for the same LSMO/STO/LSMO jun
tion quoted above. Di�eren
es inresistan
e between the demagnetized state and the lowest measured resistan
estate show that the TMR 
ould be as large as 800% at 5K. Current-voltage (IV)measurements were taken and �t with a Simmons model to obtain the insulat-ing barrier height and thi
kness. La0:67Ca0:33MnO3 (LCMO) / STO / LSMOjun
tions were also 
reated and displayed anomalous temperature and angulariii



ivdependen
e with varying TMR values.LSMO/YBCO/LSMO spin di�usion measurement devi
es were 
reated. Voltagewas measured between a LSMO pad and a gold pad in 
onta
t with a thin YBCOlayer subje
t to an inje
tion 
urrent from a bottom LSMO layer. A voltage insu
h a 
on�guration has been proposed to be generated by the di�usion of spinin the YBCO layer. Spin-like swit
hing e�e
ts were seen. The voltage showedsharp swit
hing between two states. An inversion in the swit
hing between thetwo states was found based on the orientation of the sample in relation to themagneti
 �eld. E�e
ts were seen to di�er from hall signals of a single LSMOlayer. A spin di�usion length in YBCO at 100K was estimated be, Æs � 0:1�m.A variety of YBCO/STO/LSMO and YBCO/STO/LaNiO3 (LNO) 
riti
al 
ur-rent suppression devi
es were 
reated. The 
riti
al 
urrent of the YBCO wasmeasured as a fun
tion of 
urrent inje
ted from the LSMO/LNO layer. LSMOis a 
olossal magnetoresistive material (CMR) and is believed to have a highlyspin polarized 
urrent (>80%). LNO is a unpolarized normal metal. The non--equilibrium state imposed by an inje
ted polarized spin overpopulation in super-
ondu
ting YBCO has been proposed to have a larger 
riti
al 
urrent suppres-sion than the unpolarized 
ase. However, di�eren
es between the two inje
tion
ases are not found to be appre
iable. Gains (-dI(C)/dI(Inj)) are found to be �1 - 3 at temperatures from 80K - 20K for both inje
tion s
enarios. The largestgain for any devi
e was � 5, far below the 
riti
al temperature of YBCO.
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Chapter 1Introdu
tion1.1 Introdu
tionFour re
ent major physi
s dis
overies form mu
h of the basis of this thesis. In 
hronologi-
al order the �rst was Johnson and Silsbee's proposal and 
onstru
tion of a spin inje
tionand dete
tion devi
e in 1985, followed by their invention of the bipolar spin swit
h in 1988[Johnson 1985, Johnson 1988a, 1988b, 1988
℄. These devi
es made possible the measure-ment of the di�usion length of spin within a paramagneti
 metal. The bipolar spin swit
hdevi
e 
onsisted of a bottom ferromagneti
 layer, a middle metalli
 layer, and two top ele
-trodes, one metal, one ferromagneti
. In Johnson and Silsbee's model, a relative voltagebetween the top two ele
trode's develops from and is proportional to an imposed overpop-ulation of 
oherently aligned spins in the metalli
 layer. This 
ondition 
an be 
reatedby inje
ting spins, via a transport 
urrent, from the bottom ferromagnet into the middlemetalli
 layer. By manipulating the magnetization of the top and bottom ferromagneti
layers, a 
hange in voltage 
an be measured and used to determine the spin s
attering ratein the metalli
 material. Jedema et al. have re
ently found very good results in Co/Almi
rostru
tures [Jedema 2001-03℄. Presently spintroni
s is a broadly applied and a

epted
on
ept.Se
ond was the dis
overy of high-T
 super
ondu
tivity. In 1986, Bednorz and Muller,dis
overed high temperature super
ondu
tivity in the 
opper oxide La2SrCuO4 (LSCO)1



2[Bednorz 1986℄. LSCO was found to have a transition temperature (T
(0)) of 30K. (Laterit was improved to have a maximum T
(0) of 38K.) Soon after, Wu et al. dis
overed super-
ondu
tivity above 77K in another 
opper oxide, YBa2CuO7�Æ (YBCO) [Wu 1987℄. YBCOwas found to have a transition temperature of 93K. For the �rst time super
ondu
tivity
ould be studied above liquid nitrogen temperatures making it more �nan
ially attainablefor experimental work and te
hnologi
al appli
ations. Sin
e then, an explosion of experi-mental work has been put forth. Even with the large amount of a

umulated experimen-tal data, the underlying mi
ros
opi
 ele
troni
 me
hanism of these new high temperaturesuper
ondu
ting materials remains a mystery.The third dis
overy 
ame in 1993 when the 
olossal magnetoresistan
e e�e
t was dis-
overed in manganite thin �lms independently by Helmolt et al. and Chahara et al.[Helmolt 1993, Chahara 1993℄. The manganites were originally studied in a bulk form in1950 by Wollan and Koehler [Wollan 1953-55℄. Under 
ertain doping 
onditions maganitesare ferromagneti
. As thin �lms, these ferromagnets displayed unusually high 
hanges inresistivity with the appli
ation of a high magneti
 �eld (on the order of 1 Tesla), thus givingthem there name 
olossal magnetoresistive (CMR) materials. These materials were found tohave a high spin polarization in their transport 
urrent [Soulen 1998, Park 1998, Wei 1997℄.Also, the perovskite oxide stru
ture was a good mat
h for the YBCO perovskite stru
tureand a

ompanying substrates.The fourth key dis
overy was giant magnetoresistive (GMR) tunnel jun
tions. GMRtunneling was developed by Moodera et al. and the pair of Miyazaki and Tezuka at roughlythe same time in 1995 [Moodera 1995, Miyazaki 1995℄. Devi
es 
onsist of two ferromagnetsseparated by an insulating layer. Moodera's jun
tions, made of Co/Al2O3/CoFe, revealed atunneling magnetoresistan
e (TMR) ratio of up to 10% at room temperature. These exper-iments were almost immediately appli
able in te
hnologi
al appli
ations and revolutionizedmagneti
 read head te
hnology.



3One immediately apparent 
ombination of the above dis
overies is the appli
ation ofCMR materials in GMR jun
tions. The high degree of polarization in CMR materials seemsto make their appli
ation to TMR jun
tions very promising. But, CMR TMR jun
tionshave never been found to work su

essfully above room temperature and have not usuallydisplayed results indi
ative of their highly polarized 
urrent.La0:67Sr0:33MnO3 / SrTiO3 / La0:67Sr0:33MnO3 (LSMO / STO / LSMO) magnetoresis-tive tunnel jun
tions were 
reated and tested in this study. Devi
es showed a large TMR(� 350%) at low temperatures and maintained these swit
hing e�e
ts to 275K. The depen-den
e on out-of-plane applied magneti
 �elds was investigated. The TMR magnitude waslargely un
hanged while the swit
hing �elds were found to in
rease. Low �eld swit
hingwas found when the samples were reoriented angularly. The temperature dependen
e forthe resistan
e showed eviden
e of a deteriorated region between the LSMO/STO interfa
ethat may provide and explanation for the disappearan
e of the TMR signal below the Curietemperature of the LSMO.A unusual high resistan
e state was found for perpendi
ularly demagnetization at lowtemperatures. Demagnetized samples showed higher TMR values and sharper swit
h-ing in low magneti
 �eld sweeps than when measured with the standard high magneti
�eld sweep te
hnique. A TMR � 450% was found at low temperatures, for the sameLSMO/STO/LSMO jun
tions mentioned above. I-V 
hara
teristi
s were also measuredand �t to a Simmons model. La0:67Ca0:33MnO3(LCMO)/STO/LSMO jun
tions were also
reated. The TMR displayed anomalous angular and temperature dependen
e.A spin di�usion measurement devi
e, similar to Johnson and Silsbee's bipolar spindevi
e, was 
onstru
ted and tested in this study. YBCO was the metalli
 material, witha bottom LSMO inje
tion layer. Two leads, one gold, one LSMO were arranged on eitherside of the YBCO layer. The LSMO pad dete
ts 
hange due to spin population and the Aua
ts as a ground. A dete
tion voltage was measured. A swit
hing signal, whi
h resemble



4those of the before mentioned TMR jun
tions, arose for thin YBCO samples. Various lead
on�gurations were investigated. The dete
tion voltage showed sharp swit
hing betweentwo states. An inversion in the swit
hing between the two states was found based onthe orientation of the sample in relation to the magneti
 �eld. The signal maybe dueto a 
ombination of spin di�usion signal, anomalous Hall e�e
ts, and magnetoresistiveba
kground e�e
ts. However, devi
e results were seen to di�er from hall-like measurementsof a single LSMO layer. A spin di�usion length in YBCO at 100K was estimated be,Æs � 0:1�m.Sin
e 1997, several groups have studied the suppression of 
riti
al 
urrent in YBCOdue to spin inje
tion. Devi
es used to measure this e�e
t 
onsist of a ferromagneti
 layerin 
onta
t with a super
ondu
ting layer. Current is applied through the interfa
e and atest 
urrent measures the 
riti
al 
urrent of the super
ondu
tor. The imposed spin 
urrent
reates a polarization in what would otherwise be a overall spin neutral system. It has beenproposed this may 
ause a larger 
riti
al 
urrent suppression than normal non-polarizedquasiparti
le inje
tion. However, results in this �eld of study are widely s
attered anddisputed, and re
ently many early results have been 
alled into question.Several di�erent 
riti
al 
urrent suppression devi
es were 
onstru
ted and tested in thisthesis. Unique devi
es were designed in su
h a way as to redu
e problems asso
iated withearlier devi
es. Comparison between devi
es made with ferromagneti
 layers and those withnormal metalli
 layers yielded little to no di�eren
e. In general devi
e gains, (-dIC/dIInj),were small (<5).A great deal of e�ort was devoted to the 
reation and measurement of the devi
es,data a
quisition programs, and photolithographi
 pro
esses presented in this thesis. Theexperimental te
hniques presented in 
hapter 2.1 are intended to provide a 
lear and 
on
isere
ord for future proje
ts.



Chapter 2Experimental Te
hniques and Materials2.1 Pulsed Laser DepositionPulsed laser deposition (PLD), also known as laser ablated deposition (LAD), is a powerfultool for the experimental physi
ist. It provides a simple yet e�e
tive pro
ess for the growthof a wide 
lass of exoti
 materials into thin �lm heterostru
tures. Materials grown for thisthesis were mostly perovskite 
rystal oxides. But, PLD growth is far from limited to thesematerials and is a bran
h of experimental resear
h unto itself. Good reviews are availablein [Ja
kson 1994, Saenger 1994, Chrisey 1994℄.PLD has many advantages over other deposition te
hniques in
luding evaporation, sput-tering, mole
ular beam epitaxy (MBE), and 
hemi
al vapor deposition (CVD)[Fukushima 1995, Willmott 2000, Foote 1992, Wellstood 1993℄. Compared to the above,PLD has high deposition rates ( > 60 nm/min well within possible limits). The energysour
e (laser) is outside the va
uum. Almost any materials 
an be deposited in
ludingthose with high melting temperatures. The deposition spe
ies 
reated during PLD havehigh energies (� 50eV) that promote surfa
e mobility. Thin �lms of new materials arequi
kly attainable with PLD, sin
e deposited �lms roughly reprodu
e the 
omposition ofthe target. And, PLD is tolerant of high ba
kground oxygen pressures ( > 100 mT). But,most importantly, PLD is 
apable of 
reating in situ heterostru
tures of several materialswith 
omplex stoi
hiometries. 5
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Figure 2.1: Basi
 PLD 
on�guration. [Argone National Laboratory Website℄A problem that plagues PLD is the deposition of large parti
ulates during �lm growth.While in some 
ases these parti
ulates are not 
riti
al in determining the ele
tri
al proper-ties of a �lm, they are a problem in thin �lm heterostru
ture devi
es. (For YBCO, rougher�lms 
an a
tually have a higher 
riti
al 
urrent by providing more vortex pinning 
enters[Siegal 1992℄.) Defe
ts 
an 
ause leakage 
urrent and ele
tri
al shorts between layers whi
h
an dominate the devi
es ele
tri
al properties. With the 
orre
t 
hoi
e of deposition param-eters and a 
areful investigation of the growth stru
ture 
orresponding to those 
onditions,parti
le produ
tion 
an be minimized. Very smooth and mostly parti
le free �lms, (< 104parti
les/
m2), have been reported [Foote 1992, S
hilling 1993℄.The Basi
 PLD apparatus 
onsists of a stainless steel va
uum 
hamber with an trans-parent opti
al window. The system is pumped to a high va
uum state (< 10�5Torr). Laserlight pulses arrive via the window and impinge on a target material. Material is then ab-lated onto a heated substrate lo
ated opposite the target at low va
uum or in a desiredba
kground gas.



7In our apparatus, Laser light pulses were provided by an KrF Lambda Physi
s 305iex
imer laser. The laser was �lled with a premixed .097% F: 2.76% Kr: Ne Balan
e gaspur
hased from Spe
tra Gases. The light produ
ed was of frequen
y 248 nm delivered ina 17 ns wide pulse. Light pulses of any energy in the range of 600mJ - 1300mJ 
ould beprodu
ed by the laser. After a new �ll of gas, the laser 
ould typi
ally maintain an energy of> 1000 mJ for a one month period, after whi
h a new �ll of gas was required (see AppendixG for the gas �ll pro
edure). The 
ross-se
tional area of the beam was 1 � 2 
m as it exitedthe laser. The laser and the opti
al table whi
h 
ontained all the lenses and 
ollimatorswere mounted on two tables rigidly se
ured together.Before the laser beam entered the 
hamber it was 
ollimated by a smaller area hole in analuminum plate in order to sele
t the 
entral uniform region of the beam area [S
hilling 1993,Timm 1996℄. Di�erent area 
ollimation plates were used to regulate total energy deliveredto the target in order to obtain a

eptable deposition rates. The 
ollimated beam was thenfo
used through the 
hambers quartz window onto the target via an external lens with afo
al length of 30 
m. The lens to 
hamber distan
e was small � 11
m. Positioning thelens 
lose to the window (rather than near the laser) is done to ensure the energy densityof the light arriving at the quartz window stays low (< 0.1 J/
m2). High energy densities
an damage the quartz. The normal of the target surfa
e was at a 45o angle to the in
identbeam. The fo
used spot area are was �.11 
m2.The light was fo
used on the target by pla
ing a small wire grid on the 
ollimatorand observing the pattern produ
ed at the target using laser alignment paper (Kentek)[Foote 1992℄. The lens was adjusted in su
h a way as to provide a perfe
t image of theaperture and s
reen. Fo
using the beam is important in order to prevent a di�use borderwhi
h would 
ause a non-uniform ablation region [Dam 1994, Timm 1996℄. The patternshown on the fax paper was also used to measure the fo
used beam area at the target, byviewing the region under a mi
ros
ope and measuring it with 
alipers.



8The spheri
al va
uum 
hamber (made by Kurt J Lesker) was 12 in
hes in diameter,
ontained multiple 3 34 , 6, and 10 in
h ports, and was made of 304 stainless steel. Laser lightwas dire
ted into the 
hamber through a fused quartz window (from Quartz S
ienti�
) whi
htransferred � 90% of the impinging light intensity. While most material is preferentiallydeposited opposite the target, di�use deposition material is 
onstantly be deposited ontothe 
hamber window. Light intensity inside the 
hamber was 
he
ked between every 10� 20 runs to ensure the 
orre
t energy was present. When the energy loss be
ame toogreat, the window was 
leaned in dilute HCl a
id (� 10 %), rinsed with distilled water,and then rinsed 
lean with a
etone and isopropanol. If the energy was still too low after
leaning the window was rotated so the beam 
ould pass through a 
leaner area, althoughthis was seldom required. Usually more than 50 �lms 
ould be made before any adjustmentor 
leaning was required (most �lms were 1000 �A or less).Two va
uum gauges were used to monitor pressure inside the 
hamber. A BalzersPKR 251 
ompa
t full range va
uum gauge was used to monitor pressures <1 Torr. Thedual 
ompa
t gauge was primarily used to monitor initial pump down pressures (usually 5�10�7Torr) and the oxygen pressure maintained during deposition (�100 mTorr). The se
ondgauge was a Granville-Philips 275 mini-
onve
tron gauge used primarily for monitoringpressure during sample 
ool down ( � 600Torr) and pressure when venting the system toprevent over pressurizing the 
hamber. Both gauges were lo
ated on a T-joint atta
hed tothe 
hamber. The T-joint prevented deposited materials from having a dire
t path to thegauge openings. Still, over time (1 � 2 years) gauges would be
ome 
overed with materialand had to be 
leaned a

ording to pro
edures in the manuals in order to assure properreadings.A MKS mass 
ow 
ontroller maintained a steady 100 SCCM (standard 
ubi
 
entimeterper minute) 
ow of 99.9995% pure oxygen into the 
hamber during deposition. The oxygeninlet was a stainless steel tube extending into the 
hamber whi
h opened slightly above and



9to the side of the surfa
e of the heater, with the tube axis dire
ted at the heater. Oxygeninlet tubes dire
ted at the substrate during deposition are found to yield YBCO �lms withhigher super
ondu
ting transition temperatures [Singh 1989℄. In some PLD systems theoxygen inlet tubes is pla
ed very 
lose to the the target in order to 
reate a higher levelof atomi
 and/or ioni
 oxygen [Inam 1988℄. But, inlets pla
ed too 
lose to the target mayinterfere unfavorably by thermalizing the ablated spe
ies [Singh 1989℄. Also, inlet tubespla
ed too 
lose to the substrate may 
ause non-uniform 
ooling e�e
ts due to the 
loseproximity [S
hilling 1993℄.Substrates, onto whi
h material was to be deposited, were glued to a heater using silverpaste (from Arem
o, part 597A) whi
h was diluted with distilled water. Glue that wastoo strong made substrate removal after deposition diÆ
ult, and glue that was to diluteyielded poor thermal uniformity. The heater was 
leaned �rst with sand paper (180 grit).The sand paper was held with a large 
at sanding blo
k (larger than the entire heatersurfa
e) to ensure a 
at surfa
e and prevent poor surfa
e 
onta
t between the heater andthe substrate. Then the heater was blown 
lean with pressurized nitrogen gas under a fumehood to remove loose grit. (Some dust 
an be detrimental to ones health. Sanding shouldalways be done with a breath �lter in pla
e and blowing should always be done under thefume hood.) Then the heater was wiped 
lean with a lint free 
leanroom towel (tex wipes),a
etone, and isopropanol.The glued substrate was slowly warmed to 80oC and baked in air for a few minutesprior to pla
ement in the 
hamber. For baking the power was provided to the heater bya variable autotransformer set to � 5 volts. This was done to dry the glue qui
kly andprovide better adheren
e than would be a
hieved with room temperature drying. Usuallymaximum substrate size was 1 � 1 
m subje
t to PLD uniform deposition area.The heater stage 
onsisted of a 
oiled heating wire 
lamped between two 50 mm � 50mm � 1 mm In
onel plates (from Goodfellow). The formula for In
onel is Ni72/Cr16/Fe8.



10In
onel was 
hosen for its its ex
ellent thermal 
ondu
tion. The heater plates were isolatedfrom the rest of the stage by 
erami
 Al2O3 posts (from Ceramaseal). The posts weremounted on a me
hanism that allowed ex situ x-y-z adjustment of the stage (See AppendixH for s
hemati
s of the heating stage). The heater plates and posts were en
losed in a thinIn
onel sheet box to lower radiative heating of the 
hamber and the heater base.The heating wire was 
omposed of a ni
kel/
hromium 
enter wire with a magnesiumoxide insulating sheath en
losed by a stainless steel sheath (available from Thermo
oax).The total resistan
e of the heater at room temperature was � 7 
. To prevent damage tothe 
hambers ele
tri
al va
uum feedthrough, the resistive heating wire 
oil was isolated byatta
hing both ends to low resistan
e '
old wires' near the heater plates. The 
old wire wassimilar to the heating wire above ex
ept it had a zir
onium 
opper 
enter 
ondu
tor (Alsoavailable from Thermo
oax).A non-shielded thermo
ouple, with .015 diameter wire leads, (Type K made by OmegaEngineering In
.) was spot welded to the ba
k heating plate in order to prote
t it fromdeposited materials and make sanding and 
leaning of the front heater plate easier. Thisyielded a temperature reading that was slightly above the a
tual substrate temperature ( �50oC higher). Although the temperature reading was higher, it was 
onsistent. In general,for PLD, a
tual temperature values always vary from system to system. All temperaturevalues referred to in this thesis are those of the thermal 
ouple reading. The leads of thethermo
ouple were Ni
kel and Chrome. The ele
tri
al va
uum feedthrough had a ni
kel anda 
hrome lead, and the wire that 
onne
ts the feedthrough to the temperature 
ontrollerwas also ni
kel and 
hrome (from Omega). This was done to prevent thermal EMF's from
ausing variations in the temperature readings during deposition. Although all attemptswere made to isolate the leads, some slight heating still o

urs.A internal shutter was available to shield the heater from the target during target pre-ablation.



11During deposition, power was supplied to the heater by a temperature 
ontroller (Eu-rotherm). Current to the heater was adjusted to maintain a 
onstant temperature via aPID feed ba
k loop. PID values for the heater were P = 50, I = 40, D = 7. These valueswere attained by following the pro
edure set forth in the temperature 
ontroller manualin order to obtain a 
riti
ally damped response. These settings were found to yield ex
el-lent temperature 
ontrol from 200 - 900oC in a variety of oxygen pressures. The heaterwas 
apable of rea
hing temperatures up to 900oC (6.5 Amps). Temperature of the heater
ould also be monitored by an external infrared pyrometer by viewing the heater througha window. The emissivity of In
onel is � � = 0:9 at temperatures around 800oC.Care should always be taken when handling and 
leaning the heater. The 
erami
 postsare brittle and 
an 
hip and break with rough handling. Also the spot welded thermo
oupleis weak and may deta
h. This 
an have devastating e�e
ts if it goes unnoti
ed and the stageis turned on. The allowed high 
urrent of the power supply 
an be 
ontrolled and shouldbe set only slightly above levels needed for the highest temperature ne
essary. On oneo

asion, a unlimited heater in our lab melted when the thermo
ouple be
ame unatta
hed.In PLD, Several materials 
an be ablated in situ to form 
omplex heterostru
tures. Inour system this was a

omplished by having the targets mounted on a rotation 
arousel.Cir
ular targets with a typi
al diameter of � 2.5 
m and thi
kness of 3 � 10 mm, were
lamped in 306 stainless steel holders whi
h 
ould be rotated inside the 
hamber via anexternal motor (� 7 rotations per minute). These holders themselves were atta
hed to arotational 
arousel, making it possible to sele
t any of up to 4 targets for in situ heterostru
-tural deposition. (See Appendix H for 
arousel and target holder design.) The laser fo
uswas usually pla
ed half way between the 
enter and the outer edge of the target. Targetshave a tenden
y to be of a more uniform 
onsisten
y near their 
enters due to the sinteredpressing pro
ess.Target to substrate distan
e for all targets was � 8 
m. The length of the plume is a



12fun
tion of laser energy and oxygen pressure [Goerke 1995, Inam 1988℄. These parameterswere adjusted to pla
e the surfa
e of the heater just inside the edge of the visible ablationplume. In YBCO studies, while smaller distan
es promote smoother �lms, distan
es of8-10 
m yield �lms whi
h are more homogeneous, have better stoi
hiometry, and havea

eptable defe
t levels < 105 parti
les/
m2 [Goerke 1995, S
hilling 1993, Heinsohn 1997℄.This target-substrate distan
e also fell within in a 
ommonly used model predi
tion fordistan
e vs. pressure for YBCO [Kim 1992℄.The va
uum system was pumped with a water 
ooled Turbo mole
ular pump with apumping speed of 180 l/se
 (Balzers model TPU 180H) ba
ked by an oil-less rotationalpump with a pumping speed of 7 m3/h and a possible base pressure of 2 mbar (Va
uubrandMD8 by Elnik). The maximum rotational speed of the turbo pump blades was 830Hz.The rotational speed was lowered to 200 � 400 Hz in 
onjun
tion with the introdu
tionof oxygen via the mass 
ow 
ontroller to maintain the desired deposition pressure � 100mTorr. The 
ow rate was always held at 100 SCCM.2.2 YBa2Cu3O7 Deposition2.2.1 YBCO Crystal and Ele
troni
 Stru
tureThe �rst su

essful YBa2Cu3O7 PLD thin �lms were made by Dijkkamp et al.[Dijkkamp 1987℄. The rather simple produ
tion of these 
omplex stoi
hiometri
 �lms, 
om-bined with the euphoria of the dis
overy of their > 77K super
ondu
ting transition tem-perature, vaulted the previously obs
ure pulsed laser deposition te
hnique to the forefrontin thin �lm produ
tion.YBa2Cu307�Æ (YBCO), Yttrium Barium Copper Oxide, has a perovskite stru
ture.When the oxygen doping, 7-Æ, is greater than 6.4, it is a type-II super
ondu
tor (see �gure2.2). YBCO is optimally doped, that is attains it's highest T
 at 7-Æ = 6.95. For the



13

Figure 2.2: Stru
tural phase diagram of YBa2Cu3O7. [Moura
hkine 2002℄super
ondu
ting doped regime YBCO has an orthorhombi
 stru
ture (a,b,and 
 axis areperpendi
ular and have di�erent lengths). The latti
e parameters for optimally dopedYBCO (O6:95) are approximately a=3.82�A b=3.89�A and 
=11.8�A [Cava 1990℄.Growth of YBCO thin �lms is often 
lassi�ed as 
-axis or a-axis. C-axis refers to �lmsgrown with the 
-axis ve
tor parallel to the normal ve
tor of the substrate. A-axis �lms havethe a-axis perpendi
ular to the surfa
e normal. Both a-axis and b-axis �lms are referred toas a-axis sin
e the a and b latti
e 
onstants are so 
lose it is diÆ
ult to distinguish betweenthe two [Inam 1988℄.The YBCO stru
ture 
onsists of two CuO2 planes separated by a Y atom. The Yttriumatom's primary role is simply to hold the CuO2 planes apart and does little ele
tri
ally.Y has a valen
e of +3. Outside the CuO2-Y-CuO2 sandwi
h lies a BaO plane and Cu-O
hains. The Ba has a valen
e of +2.



14A good way to think of the YBCO stru
ture (see �gure 2.3) is as two primitive unit
ells of BaCuO3�x with a unit 
ell of YCuO3�y in between [Olsson 1994℄. However, theouter ends of the stru
ture the BaCuO3�x 
ubes are missing the oxygen atoms in the a-axisdire
tion. The remaining O-Cu-O's in the b dire
tion dire
tion are often referred to as the
opper oxide 
hains.The parent 
ompound of YBCO is oxygen under-doped YBa2Cu3O6. YBa2Cu3O6 is anantiferromagneti
 Mott insulator. Mott insulators are materials in whi
h the 
ondu
tivityvanishes with de
reasing temperature even though band theory would predi
t it to bemetalli
. In a Mott insulator the 
ondu
tion is blo
ked by ele
tron-ele
tron repulsion.When YBa2Cu3O6 is hole doped, by adding oxygen, it be
omes a metalli
 super-
ondu
tor (see �gure 2.2). Oxygen that is added or removed from YBCO6<x<7 is theoxygen in the Cu-O 
hains (see �gure 2.3). It is usually a

epted that the super
ondu
tiv-ity takes pla
e in the 
opper oxide planes and the Cu-O 
hains a
t as a 
harge reservoir.Theoreti
ally an oxygen atom takes two ele
trons from another atom. But when oxygenis doped into YBCO, the number of holes 
reated is not exa
tly two [Ghigna 1998℄. Inthe underdoped regime, a doped oxygen atom adds a little more than two holes. In theoptimally doped regime, a doped oxygen adds pre
isely two holes. And, in the overdopedregime, a doped oxygen adds only one hole. The ele
troni
 me
hani
s of YBCO are indeed
omplex.In YBa2Cu3O7, the CuO2 planes above and below the Y are also slightly pu
kered su
hthat their oxygens lean towards the 
enter Y. It has been found that the T
 of a 
upratesuper
ondu
tor is related to the bu
kling angle of CO2 planes su
h that the 
atter planehas the higher T
 [Chmaissem 1999℄.
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Figure 2.3: The YBa2Cu3O7 orthorhombi
 unit 
ell. [Moura
hkine 2002℄2.2.2 Typi
al Ablation Chara
teristi
sThe YBCO target used to make the thin �lms presented in this thesis was a �ne grain pressedtarget with near 100% density pur
hased from a private 
ompany. For details on makingYBCO targets see [Wu 1987, S
hilling 1993, Jorgensen 1987, B�orner 1989, Yan 1987℄. Thetarget was 
leaned before ea
h deposition by sanding it with �ne grain sand paper and thenblowing it 
lean with a nitrogen gun. The sanded surfa
e was bla
k with a shiny sandy tex-ture. Polishing the target redu
es the produ
tion of parti
ulates on the deposited �lms sur-fa
e [Ja
kson 1994, Chang 1990, Wellstood 1993, Inam 1988, Timm 1996, Kingston 1990℄.Before deposition the surfa
e was pre-ablated for 1 minute (� 6 rotations of the target) toremove any remaining grit or 
ontamination. This provided at least 5 pulses delivered toevery ablated region. This is an important step as many large parti
les are eje
ted in the�rst several ablations of a newly sanded target. Parti
le produ
tion falls abruptly after the3-4 pulses are applied [Kumuduni 1995℄.A 
uores
ent plume is emitted from a target during pulsed deposition. Ex
ited atomi
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Figure 2.4: Formation of 
one like stru
tures on the ablated surfa
e of a YBCOtarget. The target surfa
e is shown after (a) 0, (b) 10, (
) 150, and (d) 2000laser shots to the surfa
e. The view is along the in
ident laser beam whi
h wasat a 45o angle to the target surfa
e. [Foltyn 1991b℄spe
ies are 
reated in the rapid evaporation of material. These ex
ited mole
ules de
ay andemit light. This is espe
ially apparent at the border of the plume where YO+ and BaO+form more stable oxides. The light emitted is red, giving the YBCO plume border its 
olor[Ja
kson 1994, Dyer 1990℄.Laser light arrives at a 45o degree angle to the normal of the target surfa
e. The plumehowever, when ablation �rst begins, is initially dire
ted along the normal of the surfa
eof the target. As deposition 
ontinues the plume tilts from normal to the target surfa
eba
k towards the line of the impending laser light. This was parti
ularly apparent with theYBCO target.This tilt is 
aused by the 
hanging surfa
e of the target as material is ablated away. ForYBCO, The initially smooth surfa
e begins to develop 
one like stru
tures whi
h grow inthe dire
tion of the impending light [Kumuduni 1995, Foltyn 1991b℄. See �gure 2.4.



17The 
ones rea
h an equilibrium height after several ablations. At this point, the
ones have a tenden
y to 
ake o�, 
ausing parti
ulate to be deposited on the �lm surfa
e[Willmott 2000, Timm 1996, Kingston 1990℄. The target was sanded before every deposi-tion to keep the plume 
entered and prevent the target surfa
e from forming 
ones that aretoo large and 
ould break o� [Wellstood 1993℄.The 
enter position of the deposited material was found by using a large pie
e of sili
onsubstrate. The substrate was 
lipped to the heater with spot welded In
onel strips. Adeposition was then made with all deposition parameters un
hanged ex
ept for the sub-strate temperature whi
h was held at 500oC. Higher temperatures 
ause the sili
on to rea
twith the oxygen and YBCO, destroying the surfa
e [Fenner 1991℄. After a relatively thi
kdeposition (> 2500�A) a 
lear deposited 
enter is visible by eye on the sili
on. This sili
onsample 
an also be used to determine a fairly a

urate deposition rate by wet et
hing awaysome material and using a pro�lometer to measure the step height. Dilute nitri
 a
id wasused to et
h the YBCO [Shih 1988℄. A better deposition rate is investigated in the sameway ex
ept from a deposited �lm made at the determined deposition parameters. This kindof a

ura
y is important for �lms that are to be grown for devi
es with ultra-thin layers (<100�A).When growing heterostru
tures it was 
riti
al to ensure all target surfa
es had thesame distan
e from the heater. A small dis
repan
y in height between targets 
aused theirdeposition 
enters to be o� relatively, making uniform multilayered stru
tures of the 
orre
tdesired thi
kness impossible to 
reate, espe
ially in the 
ase of layers with thi
kness lessthan 200 �A. The height of the target surfa
e from the steel holder ba
king plate was 18 mmin our system, and the target to heater distan
e was 8 
m.



182.2.3 YBCO deposition parametersDeposition parameters for the su

essful growth of YBCO were found through an exhaus-tive sear
h. The fo
us was to make �lms as smooth as possible while maintaining highsuper
ondu
ting transition temperatures. The determination of the best parameters is adiÆ
ult pro
ess. Substrate temperature, oxygen pressure, target-substrate distan
e, laserenergy, target density, frequen
y of applied laser pulses, and initial target surfa
e 
ondi-tions all play a role in �lm produ
tion and are dependent on ea
h other when adjustedto 
reate the best �lm. Therefore, determining the best setting for one parameter, �xingit, and then moving on to the next does not guarantee the attainment of the most ideal
onditions [Heinsohn 1997℄. Only by noting the deposition of similar materials from otherswork, 
arefully 
onsidering relative sensitivity of the parameters, and making several �lmsdoes one arrive at a good set of 
onditions. The following parameters were deemed bestfor the desired growth within our parti
ular system. It should be noted that 
onditionsvary widely from system to system although most are 
omparable to those used in oursystem [Muzeyyan 1994, Wong 1997, Bendre 1989, Zheng 1992, Mukaida 1990, Ol�san 1993,S
hweitzer 1995℄.Oxygen pressure was held at 100mTorr for deposition. This is obtained with a 100SCCM oxygen 
ow and the Turbo pump rotational frequen
y � 350 Hz. Higher pressures
ause mixed phase growth (
 and a axis mix) 
ausing broader super
ondu
ting transi-tions [Goerke 1995, Mukaida 1992℄. Lower pressures did not provide enough oxygen duringgrowth yielding low transition temperatures to no transition.Temperature was �xed at 805oC as measured by the thermo
ouple on the ba
k of theheater. It should be noted that sin
e this sensor was shielded and isolated from the the restof the 
hamber it's reading, while 
onsistent, was slightly higher than the a
tual substratetemperature. Infrared measurements made by a infrared pyrometer on the front heater



19plate yielded temperatures � 780oC. The emissivity of In
onel is � � = 0.9 at 800oC. Alldeposition temperatures quoted in this thesis are those of the thermo
ouple mounted ontheheater unless otherwise noted. Higher temperatures, > 815oC, yielded damaged sampleswith no transition temperature and a 
loudy grainy appearan
e. Lower temperatures,<790oC, provided mixed phase a and 
 axis growth [Chang 1990, S
hilling 1993, Wu 1994,Goerke 1995, Mukaida 1990℄. Indeed, temperature is a 
riti
al parameter in the growthof YBCO, with deviations as little as 10oC 
ausing dis
ernable e�e
ts both visually andele
tri
ally [Inam 1988℄.The laser energy was set to yield a 1.3 J/
m2 energy density in a 0.11 
m2 area fo
usedon the target. This 
orresponds to an energy level of 700mJ from the laser 
ombined withthe 15mm x 8mm aperture. Energy densities below 1.0 J/
m2 were found to 
ause slowdeposition rates and poor stoi
hiometry [Dam 1994℄. Higher energies were found to yield'splashing' of large parti
les on to the substrate surfa
e. By keeping the energy 
lose to thelower limit of ablation, parti
le produ
tion is minimized [Willmott 2000℄.The frequen
y of applied pulses was 4 Hz. Pulse frequen
y variation between 1 - 10 Hzhas not been found to be a signi�
ant fa
tor in YBCO thin �lm growth [Heinsohn 1997℄.This frequen
y was 
hosen to be within the range of 1 - 10 Hz and in
ommensurate withthe frequen
y of the target rotation (� 7 rotations/minute).Deposition 
oats the inside of the 
hamber windows and over time 
an 
ause signi�
antredu
tion of transmitted light. Energy transmitted into the 
hamber should be 
he
kedoften by use of the Mole
tron energy meter.These 
onditions yield a deposition rate � 0.89�A per pulse. This rate is similar to theYBCO PLD growth rates given by other groups [Wellstood 1993, Goerke 1996, E
e 1994,Zheng 1992, Mukaida 1990, Mukaida 1992, Ol�san 1993, S
hweitzer 1995℄. See appendix Cfor a 
omplete table of YBCO deposition parameters.For a 1200�A YBCO �lm grown on a STO substrate, the transition temperature, T
(0),



20where the resistivity rea
hes zero was � 89K. The transition width, ÆT
 the temperaturewidth in whi
h the super
ondu
ting transition takes pla
e was � 1K. Typi
al resistivity,�, at 300K was 5x10�4
-
m. Typi
al resistivity at 100K was 2x10�4
-
m. Yielding aresistivity ratio of �(300K)/�(100K) � 3 whi
h mat
hes a standard often used in the deter-mination of YBCO �lm quality [Kim 1992, Ja
kson 1994, Mukaida 1990, Mukaida 1989℄.X-ray di�ra
tion data displayed 
lear peaks 
onsistent with 
-axis YBCO growth. The
riti
al 
urrent density at 77K was found to be on the 10�6Amps/
m2.For most devi
es in this study it was ne
essary to grow YBCO on top of a bottom ferro-magneti
 (LSMO), metal (LNO), or insulating (STO) layer. Deposition parameters werekept the same as the optimal 
onditions when growing YBCO on top of these previouslygrown layers of material. These bottom layers did have some e�e
t on the top grown YBCO.The transition temperature generally dropped by about 5-10K, and the transition widthin
reased to 3-6K. A resistivity ratio was hard to determine for YBCO heterostru
ture sin
eany resistivity measurement also measured the bottom layers resistan
e in parallel. Criti
al
urrents of su
h stru
tures are the subje
t of 
hapter 5.2.3 La0:33Sr0:67Mn03 and LaNiO3 deposition2.3.1 LSMO and LNO Crystal and Ele
troni
 Stru
tureLa0:33Sr0:67Mn03 (LSMO), lanthanum strontium magnesium oxide, is a 
olossal magnetore-sistive (CMR) ferromagneti
 material with a perovskite 
rystal stru
ture. It has a pseudo-
ubi
 stru
ture with a latti
e parameter of a = 3.87�A. This latti
e stru
ture and parameteris a 
lose mat
h to STO and YBCO, making LSMO a good 
andidate for heterostru
turalgrowth of super
ondu
tor/insulator/ferromagneti
 devi
es.LSMO is referred to as a 
olossal magnetoresistive material due to its large 
hangein resistan
e with applied magneti
 �eld. However �elds required to generate appre
iable



21e�e
ts are � 1 Tesla. LSMO is predi
ted to have highly spin polarized 
urrent whi
h hasbeen veri�ed by various experiments [Wei 1997, Okimoto 1995, Park 1998℄.The parent 
ompound of LSMO is LaMnO3 (LMO). LMO is a antiferromagnet insulatorand the Mn atoms have a valen
e of +3 [Pauthenet 1970℄. In LMO, the spin ordering of themagneti
 Mn+3 ions is parallel in the planes and antiparallel between them [Wollan 1953-55℄.An isolated Mn ion has �ve degenerate outer 3d orbitals available to the 3d ele
trons.The spins of ele
trons that o

upy these outer shells point in the same dire
tion due toHund's rule 
oupling and o

upy the subsequent four lowest levels. In LMO, the 
rystal�eld and mixing with the oxygen orbitals splits the �ve degenerate 3d orbitals. Two levelssplit o� to form an upper energy state that is o

upied by one ele
tron. This state is referredto as eg. The two levels have a dx2+y2 and d3z2+r2 
on�guration. The three remaining levels
ontain three ele
trons and lower their energy to form what are 
alled the t2g levels. Thet2g levels have dxy, dyz, and dzx 
on�gurations. See �gures 2.5 and 2.6.These eg and t2g states 
an be further split into two hyper�ne levels due to Jahn-Tellerdistortion e�e
t. The Jahn-Teller theorem states that a magneti
 ion in a 
rystal site inwhi
h the symmetry prevents the orbital degenera
y from rea
hing an energy minimized
on�guration, will lower it's energy by distorting the 
rystal in su
h a way as to lower thesymmetry enough to remove the degenera
y. For LMO the Jahn-Teller is an axial elongationof the oxygen isohedron. This splits the two eg levels into an upper and lower state, andsplits the lower t2g levels into on higher and two lower states. See �gure 2.5. Note, thisdistortion will lowers the energy of a Mn+3 ion, but the energy would be un
hanged for aMn+4 ion. Therefore, Mn+3 ions have a larger tenden
y to distort their lo
al environmentthan Mn+4 ions do.In LaMnO3 the eg ele
trons are unable to move due to the strong 
oulomb repulsionand the Hund's rule 
oupling. There is a anti-ferromagnet (AF) superex
hange intera
tionbetween the well lo
alized t2g ele
trons, whi
h 
auses this material to be AF. When LaMnO3
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Figure 2.5: Field splitting of the �ve-fold degenerate atomi
 3d levels intolower t2g and higher eg levels. The Jahn-Taller 
rystal distortion, sket
hed onthe right, lifts the degenera
y to the �nal states shown. [Tokura 1999℄

Figure 2.6: eg and t2g d-orbitals of the Manganese (Mn) atom. [Cox 1992℄



23is hole doped with Ca, Sr, Ba, or Pb, some of the Mn atoms take on a valen
e of +4.Neighboring Mn+3 and Mn+4 ions, in the 
on�guration Mn+3-O-Mn+4, 
an ex
hange theirvalen
e by the simultaneous jump of an Mn+3 eg ele
tron to the O p-orbital and an Op-orbital ele
tron to the empty Mn+4 eg orbital. As shown by Anderson and Hasegawathe probability of this transfer is proportional to 
os(�=2), where � is the angle betweenthe Hund 
oupled t2g spins of the neighboring Mn+4 and Mn+3 ions [Anderson 1955℄. Thedegenera
y of the Mn+4-O-Mn+3 and Mn+3-O-Mn+4 is then lifted. There is therefore anenergy gain for parallel alignment of the neighboring t2g spins (� = 0). Although the parallelalignment of the t2g spins in neighboring Mn atoms is unfavorable to the anti-ferromagneti
ex
hange intera
tion, this intera
tion is over
ome in order to gain the kineti
 energy as thenumber of va
ant eg in
reases. As a result the AF phase 
hanges to a ferromagneti
 phasewith doping.This me
hanism of the arising ferromagnetism and a metalli
 state is termed the "doubleex
hange" me
hanism and was �rst devised by Zener as an early explanation the 
ondu
tionme
hanism of doped LaMnO3 [Zener 1951℄. This model provides a good explanation for
ondu
tion in the system, however, it has not been found to provide a adequate explanationof the CMR e�e
ts. As of today there is not an agreed on explanation of the magneto-resistan
e and 
ondu
tion of CMR materials. A good review of CMR materials and theoryis provided by Dagotto [Dagotto 2001℄.LaNiO3 (LNO), Lanthanum ni
kel oxide, is a normal metal with a perovskite latti
estru
ture similar to LSMO. It's latti
e parameter is a = 3.83�A, also making it a good
andidate for heterostru
tural growth of super
ondu
tor/insulator/normal metal devi
es.LNO has a good metalli
 behavior, a low resistivity, and generally maintains a smoothsurfa
e when deposited by PLD [Guo 1999℄.The LSMO target used for PLD deposition was a �ne grain pressed target made in ourlab by Yufeng Hu [Hu 2004℄. The target was 
leaned and pre-ablated similarly to YBCO
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Figure 2.7: Ele
troni
 phase diagram of La1�xSrxMn03.PM,PI,FM,FI,AFM,and CI denote paramagneti
 metal, paramagneti
 in-sulator, ferromagneti
 metal, ferromagneti
 insulator, anti-ferromagneti
 metal,and spin-
anted insulator states respe
tively. T
 is the Curie temperature,and TN the N�eel temperature. X = 2/3 was the LSMO used in this study.[Tokura 1999, Urushibara 1995, Fujishiro 1998℄

Figure 2.8: The 
ubi
 STO unit 
ell and the psuedo-
ubi
 LSMO unit 
ell.LaNiO3 also has this stru
ture. [Lyonnet 2000℄



25(see above). Plume tilt during deposition was not as dramati
 as YBCO, but parti
le'splashing' began to take pla
e if the target went unsanded for too long. During ablation,the LSMO plume has a light blue 
olor.The LNO target was �ne grain pressed target made in our lab by undergraduate studentRi
k O'Haire using the method of Wold [Wold 1957℄. Target 
leaning as prior to depositionwas done similar to YBCO. During ablation the LNO target also has a light blue 
olor.Deposition parameters for the su

essful growth of LSMO and LNO were found throughan exhaustive sear
h. The fo
us, again, was to make �lms as smooth as possible while stillmaintaining the materials essential features.Deposition parameters for LSMO and LNO were not as sensitive to 
hange as YBCO.Good �lms 
ould be made over a broad range of 
onditions so long as they were fairly thi
k(>300�A). Both were deposited in 200 mTorr of oxygen. It was possible to grow both �lmsat lower pressures, but thin layers (400 - 600�A) grown in heterostru
ture layers were foundto require at least 200 mTorr to assure the �lms re
eive enough oxygen. For the LSMO,the ferromagneti
 transition or Curie temperature, Tp (the temperature at whi
h LSMO
hanges from a paramagneti
 to a ferromagneti
 state), was above 300K for deposition at200mT. Films made at low oxygen pressure also had a higher resistivity and, for LSMO,lower ferromagneti
 transition temperatures (<300K).Temperature was held at 805oC (the same as YBCO) for both LNO and LSMO. Bothmaterials have a broad range of allowan
e for temperature deviation for thi
ker �lms (>300�A), but �lms made at lower temperatures had low transition temperatures and higherresistivities. Films made at higher temps were often insulating.The laser energy was set to yield a 1.5 J/
m2 energy density in a .11 
m2 area fo
usedon the target. This 
orresponds to a laser output energy level of 900mJ with the 18mmx 8.5mm aperture for LSMO and the 15mm x 8mm for LNO. The larger area for LSMOwas provided simply to yield a higher deposition rate that was more 
omparable to the



26other materials. Higher energy densities were found to yield 'splashing' of large parti
leson to the substrate surfa
e. The frequen
y of applied pulses was 4 Hz. Some growthdependen
e on frequen
y was seen by atomi
 for
e mi
ros
opy (AFM). Slower frequen
iesdid not ne

essarily yield smoother �lms. 4 Hz was determined to provide the smoothest�lms for frequen
ies less than 10Hz.These 
onditions lead to deposition rate � 0.5�A per pulse for both LSMO and LNO,whi
h lies within the range of normal growth rates for PLD given by other groups [Yu 1996℄.See Appendix D and E for a 
omplete table of LSMO and LNO deposition parameters.For a 1200�A �lm grown on a STO substrate, LSMO gave a ferromagnet transitiontemperature > 300K. Typi
al resistivity was 2000 �
-
m at 300K, and 400�
-
m at 100K.X-ray di�ra
tion data displayed 
lear peaks 
onsistent with 
-axis growth. For LNO, a500�A �lm grown on STO substrate yielded a 
lear metalli
 behavior. Typi
al resistivitywas 1400 �
 at 300K, and 840 �
 at 100K. Films were found via AFM to be very smoothand largely defe
t free.2.4 SrTiO3 depositionSrTiO3 (STO), strontium titanate, is a insulator with a 
ubi
 perovskite 
rystal stru
turesimilar to that of LSMO and LNO (see �gure 2.8). It's latti
e parameter is a = 3.905 �A.Table 2.1 shows the latti
e mismat
h of YBCO, LSMO, and LNO in relation to STO.Initially, STO deposition parameters were obtained from Anna Clark and then adjustedfor our system [Clark 2001℄. A pur
hased �ne grain pressed STO target pur
hased wasinitially used for deposition. A better single 
rystal target was later. Films produ
ed bythe single 
rystal target were far superior in both smoothness and �lm 
hara
teristi
s to the�ne grain pressed target. The ablation plume of STO had a white 
olor. Oxygen pressurewas kept at 150mT and the temperature at 700oC. The laser energy was set to yield a 1.4J/
m2 energy density in a .11 
m2 area fo
used on the target. This 
orresponded to a laser



27output energy of 700mJ with the 15mm x 8mm aperture. The deposition rate at these
onditions was � 1�A per pulse. Films were found via AFM to be very smooth and largelydefe
t free. For a 
omplete table of STO PLD parameters see Appendix F.These 
onditions were found primarily during the development of magnetoresistive tun-nel jun
tions presented in 
hapter 3. Jun
tion measurements yielded an estimated valueof the resistivity of the STO layer of 2x104
-
m. See the magnetoresistive tunnel jun
tionse
tion 3.2.1 for more dis
ussion of STO �lm properties.2.5 SubstratesFor this study STO (001) was the insulating substrate of 
hoi
e due to its' smooth surfa
eand the readily available literature of PLD of the above mentioned materials. NbGaO3(NGO3), Niobium Gallium oxide (NGO3), and LaAlO3 (LAO3), Lanthanum Aluminum ox-ide, were also used on o

asion. Both also have a perovskite 
rystalline stru
ture. AlthoughLAO has a step like surfa
e whi
h 
an 
ause twinning in �lms and also does not make itideal for photolithographi
 pro
essing later on. Table 2.1 shows the YBCO, LNO, LSMOlatti
e mismat
h with three mentioned substrates. The latti
e mismat
h Æ is de�ned byÆ = (aPsubstrate � aPbulk)=aPsubstrate (2.1)where aPsubstrate and aPbulk are the latti
e 
onstants of the substrate and bulk 
rystalrespe
tively. Positive values 
orrespond to tensile strain and negative values provide 
om-pressive strain All latti
e 
onstants, ex
ept YBCO and LNO, were obtained from YufengHu [Hu 2004℄.STO was thermally treated before �lm deposition. To remove 
ontamination and uni-formly terminate the surfa
e, the STO substrate was annealed in 100mT of oxygen for 10min. at 900oC. This annealing step has been shown to yield well ordered STO surfa
es[Zegenhagen 1998, Hirata 1994℄. Annealing in a similar fashion also yields a smooth well



28YBCO(a) YBCO(b) LSMO LNO(3.82�A ) (3.89�A) (3.87�A) (3.834�A)STO (3.905�A) 2.2% 0.4% 0.9% 1.8%NGO3 (3.862�A) 1.1% -0.7% -0.2% 0.7%LAO3 (3.794�A) -0.7% -2.5% -2.0% -1.1%Table 2.1: Latti
e mismat
h of materials and substrates. The latti
e mismat
hÆ is given by Æ = (aPsubstrate�aPbulk)=aPsubstrate where aPsubstrate and aPbulkare the latti
e 
onstants of the substrate and bulk 
rystal respe
tively. (YBCO[Moura
hkine 2002℄, LNO [Gar
ia-Munoz 1992℄)terminated surfa
e for NGO3 [Ohnishi 1999℄. There is also a standard 
hemi
al treatmentfor STO followed by a similar annealing step that is often used to yield an atomi
ally 
atsurfa
e [Kawasaki 1994℄. The pro
ess involves et
hing the substrate in a bu�ered hydro
u-ori
 a
id et
h. This pro
ess was done for several substrates , but no apparent e�e
ts wereper
eived in devi
e properties. Therefore, the pro
ess was abandoned. The terminationof the (001) STO 
reated by this annealing is found to have a TiO2 termination layer[Zegenhagen 1998℄ (the other possible termination for (001) would be the SrO layer).2.6 Evaporation of Gold Conta
tsGold (Au) was used to make 
onta
t to samples in order to make ele
tri
al measurements.Gold was evaporated onto samples immediately after their removal from the PLD deposition
hamber. YBCO is espe
ially sus
eptible to surfa
e damage 
aused by water [Yan 1987,Sheats 1993, Huh 1998, Barns 1987℄. LSMO and LNO surfa
es were found to also degradeover time, but not as qui
kly and severely as YBCO. Au was found to yield negligible surfa
eresistan
e (value < 10�6

m2) when immediately deposited on YBCO, LSMO, and LNO.To evaporate gold, samples were pla
ed in a stainless steel va
uum 
hamber similar tothat of the before mentioned PLD system (se
tion 2.1). Upon evaporation both the sample



29and the stage 
ould be
ome warm due to the hot evaporation sour
e. Therefore, a metal
lamp was used to hold the samples inside the 
hamber rather than adhesive whi
h 
an 
ausesigni�
ant outgassing and 
ontamination upon heating. The va
uum system was pumped to< 10�6Torr before deposition, via a turbomole
ular pump (TMP) with a 210L/se
 pumpingspeed (Balzers model TMU 261 P) ba
ked by a oil-less rotational pump with pumping speedof 7.5m3/h and a base pressure of 2mbar (Va

ubrand by Elnik Systems model MD 8). TheTMP was held at full speed (1000 Hz) during evaporation. Typi
ally pressure rose from< 10�6 to � 2�10�6Torr during deposition due to outgassing of the 
hamber upon heatingfrom the sour
e.Distan
e from the sour
e to the sample turned out to be of 
riti
al importan
e. WhenYBCO samples were too 
lose (� 6 in
hes away), the surfa
e of the YBCO would be
omedamaged due to sour
e heating. This in turn 
aused a huge 
onta
t resistan
e between thegold and the YBCO (� 1

m2). Conta
t re
overy attempts were made by post-oxygenannealing, but were unsu

essful. Also, the annealing 
aused the Au �lms to de-wet on thesurfa
e of YBCO [Jia 1990, Roshko 1991℄. Therefore, samples were kept at the maximumdistan
e from the sour
e as allowed by the 
hamber (12 in
hes), and the deposition rate waskept low, 0.9�A/se
. These 
onditions yielded a negligible 
onta
t resistan
e of Au/YBCOwhen deposited on new and unpro
essed YBCO �lms.Tungsten evaporation boats were pur
hased from Kurt J. Lesker (part numberEVSME5005W). The boats were held between two brass 
lamps 
onne
ted to a powersupply external to the 
hamber. Three to four 1 mm diameter gold pellets were pla
edin the tungsten boats (Pur
hased from ESPI). Care was taken not to over load the boat.Melted gold in an overloaded boat would 
ow down the leads 
ausing 
hanges to the boatsresistan
e and therefore 
ausing 
hanges to the deposition rates as pertaining to appliedvoltage and also 
ausing uneven deposition.Gold held in the boat began to melt at an applied 20 volts, entirely melted at 30 volts,



30and produ
ed a deposition rate of 0.9 �A per se
ond at 34 volts. 0.9 �A per se
ond wasused for deposition. The rate and thi
kness was measured by a thi
kness monitor (In�
onXTC/2) lo
ated just to the side of the 
entered samples, and at the same radius, 12 in
hes,from the boat as the samples. (The tooling fa
tor for the XTC/2 in this 
on�guration was104.4.)Before deposition, the samples and thi
kness monitor were shielded and the sour
e wasallowed to deposit material for 1 minute in order to burn o� and outgas any 
ontaminatesfrom the evaporation leads [Liu 1989℄. 350 �A of gold was typi
ally evaporated on thesamples. A full evaporation boat was 
apable of evaporating � 900�A of gold in one run.(An alternate stage was available to hold samples 
loser than 12 in
hes to the sour
e. Athi
kness of 2000 � 3000 �A 
ould be attained.) 350 �A was found to be more than enough toprovide full 
overage, yet thin enough to be easily wet et
hed with TFA gold et
h and keepits hold to the YBCO when soni
ated in an ultrasound (see next se
tion Photolithographi
pro
essing). Gold that is thi
ker than 1000�A should not be soni
ated. It will most likelypeel o�.2.7 SiO2, Au, and Cr sputteringIn the devi
e fabri
ation pro
ess it was often ne
essary to deposit a layer of sili
on dioxide,SiO2, in order to allow gold leads to 
onta
t 
entral regions of a devi
e without shortingto lower layers. Often a very thin Chromium (Cr) layer was deposited on top of the SiO2to promote adhesion of the Au. Without the thin 
hrome layer, the adhesion of the Au toSiO2 was extremely poor.Sputtering was done both in the Ele
troni
 Materials and Pro
essing Resear
h Labora-tory (EMPRL) 
leanroom at the Pennsylvania State University and in our own lab.In the EMPRL both DC and RF sputtering were available. SiO2, Cr and Au were alldeposited by sputtering in an argon atmosphere. The sputtering guns (Kurt J. Lesker) held



312 in
h diameter, 1/4 - 1/8" thi
k targets and were at a distan
e of 4-5 in
hes from thesamples. The samples were pla
ed on a stage that 
ould be rotated in situ to move thesample under either gun. The sample stage was un
ooled. While this allowed some warmingto o

ur during the depositions, the samples never rea
hed a temperature > 100oC. Theva
uum system was pumped to a base pressure < 5 �10�7 Torr before deposition. A shutterwas available to prote
t the samples while targets were pre-sputtered for 3 mins. This wasdone to remove any surfa
e 
ontaminants on the target.SiO2 was RF sputtered with an applied power of 125 watts (with � 5 watts of re
e
tedpower) in a 3mTorr ba
kground pressure of argon. These 
onditions yielded a depositionrate of 50�A/min. Sputtering rates are very dependent on ba
kground pressure, and arefound to in
rease with de
reasing pressure. Deposited �lms were typi
ally 2000 � 4000 �Athi
k, or at least thi
k enough to ensure any ne
essary step height was overtaken by at least1000�A . The SiO2 target was 1/8" thi
k and 99.995% pure (from Kurt J Lesker).Gold and Chromium were DC sputtered at an applied power of 50 watts in 5mTorrba
kground pressure of argon. These 
onditions yielded a deposition rate of 240�A/min forgold. Deposited gold �lms were typi
ally 3000 � 4000 �A or at least thi
k enough to ensureany ne
essary step height was overtaken by at least 1500�A. Gold layers deposited over astep that are too thin yield no 
onta
t, or 
onta
ts that are weak and break upon sample
ooling. Chromium �lms were typi
ally only 20 � 40�A thi
k. This thi
kness is more thansuÆ
ient to enhan
e the bond strength of Au to the SiO2. For a 
omplete table of sputtering
onditions see appendix L.DC sputtering was also available in our own lab. The sputtering gun shared a va
uum
hamber with a ion mill (see Au/YBCO re
overy in se
tion 2.8.2). The 
hamber andpumps were similar to those used in the evaporation and PLD systems (see PLD and goldevaporation se
tions 2.1 and 2.6) The sputtering gun, made by AJA Corp., held a 2 in
hdiameter, 1/4" thi
k gold target from Kurt J. Lesker. Samples were pla
ed on a �xed



32water 
ooled sample stage 6 in
hes from the gun. Sputtering at 30 watts in a 3 mTorr(4x10�3mbar) ba
kground pressure of Argon yielded a deposition rate of 163�A/min whenthe fa
e of the sample was parallel to the surfa
e of the gun, and 109�A/min when the fa
e ofthe sample was at a 45o angle to the gun surfa
e. Note the relation between the depositionrate for the parallel stage and the stage at 45o is 
os(45) � 163 � 109. Therefore, depositionrates at other angles 
an be approximated.2.8 Photolithographi
 Pro
essingAll heterostru
tural devi
es were patterned using photolithographi
 te
hniques. ShipleyMi
roposit S1811 photoresist (1811) was spun on samples and patterned to allow sele
-tive et
hing of the thin �lm heterostru
ture. See Appendix J for exa
t photolithographi
pro
essing parameters.First a 1.1 �m layer of Shipley 1811 photoresist was spun onto the sample. Noti
e the"11" in 1811 
orresponds to the thi
kness of the resist (1.1 �m) when the resist is spun atthe standard speed and time of 4000rpm for 40 se
onds. See �gure 2.9 for the thi
kness andspin speeds of the Shipley 1800 series photoresists.Shipley 1827, and 1805 were also available. 1827 was a little thi
k to provide sharpenough features and 1805 is a little to thin when it 
omes to ion milling. The ion millingrate for 1811 at 300V was � 30�A/mA-min, or 105�A/min for a 3.5mA beam 
urrent. TheShipley 1811 in the EMPRL fa
ility is a
tually 1827 whi
h is diluted on site. A mixture of100mL of 1827 with 40mL of Type-P Mi
roposit thinner yields 1811 resist. The spin timesgiven above were typi
al for most 1811 
on
o
tions. Thi
kness should always be 
he
kedwhen a new bottle of resist is used.The samples were spun at 4000 rpm for 40 se
onds. Samples were then soft baked at100oC for 1 minute and then 
ooled on a room temperature metal blo
k for 1 minute.Samples were aligned to a 
hrome on glass mask. Three masks were designed during
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MICROPOSIT S1800 PHOTO RESIST UNDYED SERIES

Figure 1. Spin Speed Curves

Figure 2.9: Thi
kness vs spin speed for Shipley Mi
roposit S1800 series photo-resist [Shipley Company℄.this study. One was pro
essed by the MRI at Penn State. The other two were pro
essedby a professional 
ompany 
alled HTA Photomask. Masks designs were initially drawnwith Auto
ad software. In industry, masks are usually drawn with a program 
alled L-Editwhi
h 
reates a �le type that works well with most mask writing equipment. Auto
ad �leshad to be 
onverted into su
h �les. HTA Photomask 
harged a fee for this 
onversion. Inhind sight, it is mu
h better to write masks with L-edit. New editions of this softwareare mu
h better than what available at the onset of this study. The MRI had trouble
onverting Auto
ad �les into �les that would work with their equipment, also their maskwriting equipment had a long waiting period. HTA Photomask 
ould 
onvert and writea mask in a week for about the same 
ost. Also, it was possible to keep a mask on �lewith Photomask to make extra 
opies later if need be. Blank masks were pur
hased from a
ompany 
alled Nano�lm in order to make additional 
opies or 
ustom patterns.On
e a sample was aligned with the mask it was exposed to UV light (See Appendix J for



34pre
ise times). Alignment pro
edures and equipment 
ontrols are available in a publi
ationo�ered by the EMPRL, and are fairly a

urate as long as the photoresist thi
kness is 
orre
t[EMPRL℄. The then exposed sample was developed in a mixture of MF351 (bu�ered sodiumhydroxide) and distilled water in a 1:5 ratio. Samples were developed for 45 se
onds, pla
edin a water bath for 1 minute, and blown dry with a nitrogen gun. Water sensitive samples(MgB2), with feature sizes > 20 �m, 
ould be developed in 10 se
onds with agitation.SiO2 was patterned with a lifto� pro
edure. That is, �rst the photoresist was patterned,SiO2 was deposited on top, and then the photoresist was removed with a
etone lifting o� anyunwanted SiO2 and leaving behind the desired pattern. It was often diÆ
ult to remove smallisolated areas of resist in this pro
ess. Ultrasounding samples helped as well as warmingthe a
etone if lifto� was a problem. The boiling point of a
etone is about 80oC. Warmingwas done just below this temperature. Care should be taken not to allow the a
etone to
ompletely dry out. If this o

urs a layer of 
ontamination is 
reated on the surfa
e of thesamples that is for the most part impossible to remove. For very diÆ
ult lifto�s, soakingthe sample overnight in a
etone usually worked. In most 
ases the remaining patternedSiO2 adhered well to any perovskite material used in this study.YBCO 
ould be wet et
hed with dilute nitri
, phosphori
, or sulfuri
 a
id. A mixture of1:400 nitri
 a
id to water et
hed YBCO at approximately 2000 �A/min. A mixture of 1:20phosphori
 a
id to water et
hed YBCO at approximately 1000�A/min. The phosphori
 et
hwas found to leave behind a residue in et
hed areas. While LSMO was undamaged by theYBCO et
hes, LNO was readily et
hed by both. There is always a 
ertain amount of underet
hing when wet et
hing is used. For the YBCO, an under-et
h of at least 1-2 �m alwayso

urred if the YBCO �lm was to be entirely et
hed away. This should be 
onsidered inany photomask design.LSMO and LNO 
ould be et
hed with a 1:10:100 mixture of sulfuri
 a
id, hydrogenperoxide, and distilled water. The et
hing rate was 2000�A/min. This mixture 
ould also be



35used to et
h other CMR materials su
h as LCMO and PSMO. This et
h, however, wouldusually destroy any YBCO present in the sample. LNO 
ould also be et
hed with dilutephosphori
 a
id and nitri
 a
id.Thin gold layers were et
hed with TFA gold et
hed (pur
hased from Transene Company,In
.), diluted in a 1:1 mixture with distilled water yielding an et
hing rate of 2000�A/min.For thi
ker layers (� 5000�A) the TFA to water ratio was in
reased to 2:1 respe
tivelyallowing a et
hing rate of 5000�A/min. The TFA, whi
h primarily 
onsists of an aqueoussolution of Iodine and Potassium Iodine, was fairly benign, and left YBCO [Eidelloth 1991℄,LSMO, and LNO layers 
ompletely undamaged.Chromium, Cr, 
ould be wet et
hed with a solution (pur
hased from Transene Company,In
.) whi
h 
ontained nitri
 a
id. Therefore Cr was often patterned with a lift o� pro
essto prevent damaging lower layers.While wet et
hing was very su

essful for et
hing away the top gold 
onta
ts, and alsovery useful for single layer �lms, several problems were en
ountered when et
hing YBCO,LSMO, STO and LNO heterostru
tures. First and foremost the et
h used for LSMO andLNO would 
ompletely destroy any above or below layers. Also, under-et
hing was alwaysa problem. It was often very diÆ
ult to obtain devi
es that had features < 20�m. hetero-stru
tures whi
h in
luded thin STO barriers often left behind some residue afterwards. STOis only readily et
hed by hydro
uori
 a
id whi
h was far to strong (as well as extremelydangerous) to use in 
onjun
tion with LSMO,YBCO, or LNO. A better and more pre
isemethod of et
hing the �lms was realized in ion milling.2.8.1 Ion millingA broad beam argon ion mill (Vee
o/Commonwealth S
ienti�
) was used to et
h the hetero-stru
ture devi
es and was found to be very su

essful. The mill used standard 
ollimatedgrids to 
reate a 3
m diameter uniform milling area. To obtain a high a

ura
y milling



36rates, samples were usually kept inside a 2
m diameter region. The beam arriving at thesample had a neutral 
harge. The ion mill had a �lament lo
ated in the path of the exitingions. When heated via an applied 
urrent, this �lament supplied ele
trons to the ion beamto provide the neutralized beam. The �lament 
urrent was automati
ally 
ontrolled by thepower supply in su
h a way as to provide total beam neutralization (TBN mode).For most et
hing a 300 volt beam voltage (Vb) provided ions with suÆ
ient energy to eatthrough Au, YBCO, LSMO, LNO, and STO layers at an a

eptable rate while still allowinga

urate timed 
ontrol of the total et
hed distan
e. A 100V beam was used in some spe
ialappli
ations (See Au/YBCO 
onta
t re
overy se
tion 2.8.2). A 500V volt beam was usedto et
h MgB2 �lms and some other appli
ations.For broadbeam ion milling, the beam 
urrent (IB) is limited by the total of the beamvoltage (VB) and the a

elorator voltage (VA), VTot = VB + VA [Kaufman 1989℄. Themaximum allowed IB 
an be found by plotting the a

elerator 
urrent as a fun
tion ofbeam 
urrent. When the dependen
e deviates from a linear relationship the maximumbeam 
urrent has been surpassed. The maximum beam 
urrent was determined in this wayfor our system (See Appendix A).A 5 SCCM 
ow of 99.9995% pure argon was provided to the sour
e via a 
ow 
ontrollerfor all settings of the mill. With the turbo pump running at full speed (830 Hz), this gas
ow provided a 6 � 10�4 Torr pressure in the 
hamber during milling. (The pressure gaugein use was 
alibrated to nitrogen and gave a displayed reading of 1.2 � 10�4 Torr. Thisreading must be 
onverted to obtain the a
tual argon pressure 6 � 10�4 Torr.)It is important to allow an open 
ow area from the turbo pump to the ion sour
e freeof any formidable obsta
les. The turbo pump was just strong enough to allow a plasma todevelop in the ion the sour
e. Any large obstru
tions between the sour
e and the pump
reated a higher ambient pressure > 10�3 Torr whi
h wouldn't allow a stable plasma to be
reated. The broad beam sour
e also requires a large open area from the end of the ion



37sour
e to the sample stage. At one time our ion gun was mounted in an 
hamber extensionwith a small diameter (4.5 in
hes). In this 
on�guration, the ion gun would often sputtermaterial from the walls of the extension on to the sample surfa
e 
reating a 
ondu
tinglayer even when �lms had been milled through to an insulating substrate. In a private
ommuni
ation with Vee
o/Commonwealth it was found that up to 1/3 of the emittedbeam 
ould be striking the wall of the 
hamber in this 
on�guration.Samples in the ion mill were mounted on a stainless steel stage with an internal 
oppertubing 
ooling grid. The samples were glued into pla
e using 'GE varnish' (from Lakeshore,part VGE-7031). The varnish has ex
ellent thermal 
ondu
tivity and low outgassing in theva
uum environment. Liquid nitrogen was 
ontinuously 
owed at a slow rate to the stageduring deposition. Cooling was done to prote
t samples from any sour
e indu
ed heatingand to redu
e pitting in the 1811 photoresist used in patterning. The stage was set at anangle of 45o relative to the beam. This was done to prevent a large 
ux of milled materialfrom being deposited ba
k into the gun. This prote
ts the gun and allows longer �lamentlife. While a slight shadow e�e
t may take pla
e due to the angle of the beam to thesample, a 1000�A �lm would only be under et
hed by 0.05 �m. This is negligible in most ofour devi
es where the smallest feature � 10 �m. The distan
e from the sample to the iongun sour
e was 15 
m.Et
hing rates were determined by timed ion milling of test samples whi
h were measuredafterward with a pro�ler (Dektak III). Rates were found to di�er as a fun
tion of total milledtime. Faster rates were found for smooth unmilled samples. As milling time in
reased therate was found to de
rease. This may be due to the in
reased roughness of the surfa
e withmilling. In a simplisti
 model, momentum transfer of the ions would be less dire
t on anuneven surfa
e, yielding the slower rate. For pre
ise milling rates it is always best to useseveral test samples to get a good idea of the time and beam 
urrent required to yield thedesired et
hing distan
e rather than rely on a linear approximation from other data.



38Materials and et
hing rates are given in a table in appendix M. Rates are expressedas distan
e in angstroms per milliamp-minutes, �A/mA-min, and distan
e per minute at a
onstant 3.5mA beam 
urrent, (�A/min)I=3:5mA. The reason for the "distan
e in angstromsper milliamp-minutes" is the ion mill is 
ontrolled automati
ally by the power supply andsometimes the beam 
urrent 
an be slightly higher or lower (+/- 0.5mA) than the set valuefor extended periods of time. Depending on the milling appli
ation this 
an 
ause signi�
antover or under et
hing. Note that the unit "milliamp-minutes" is simply proportional to thenumber of ions delivered by the mill.The total milled distan
e was 
ontrolled by time in 
onjun
tion with the milling rates.This allowed a bottom layer to be maintained where a top layer of material was milled away.While the surfa
e of the bottom layer would in
ur some damage, its ele
tri
ally propertieswere usually relatively un
hanged if the material was thi
k enough (usually > 400 �A).2.8.2 Au/YBCO 
onta
t re
overy after Ion MillingFor some devi
es it was ne
essary to ion mill through the top layer of a heterostru
ture(LSMO) and make a gold 
onta
t to a YBCO layer underneath. This posed many problems.The surfa
e of the underlying YBCO layer sustained a large amount damage when milledwith the usual 300V beam. A large 
onta
t resistan
e arose (> 1 
-
m2) for gold depositedon the damaged YBCO surfa
e Many steps were taken in order to minimize the 
onta
tresistan
eFirst, a system was 
onstru
ted in whi
h ion milling and gold sputtering 
ould be per-formed in situ. YBCO exposed to water in the air 
an be
ome damaged and 
ontaminated,
ausing larger 
onta
t resistan
es than ion milling alone. Also, sputtered gold is a moreenergeti
 spe
ies than evaporation yielding better gold implantation.The ion mill and sputter gun were mounted perpendi
ularly to ea
h other in a spheri
al
hamber. For details on sputtering and milling see se
tions 2.7 and 2.8.1. A shield inside the
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hamber prote
ted the sputtering gun from 
ontamination when the ion mill was runningand vi
e versa. The sample was held at a 45o angle to the axis of both the ion mill andsputterer.After the 
onstru
tion of the ion mill/sputtering system, the dependen
e of the 
onta
tresistan
e on di�erent ion beam voltages was investigated. A series of experiments wereperformed on 2 layer samples 
onsisting of a 500�A top LSMO layer and a 800�A bottomYBCO layer. The top LSMO layer in
luding 100�A of YBCO was milled away with a 300Vbeam and then the bottom YBCO layer was 
leaned with various ion mill settings. A 300 �AGold layer was then deposited on the remaining YBCO and 
onta
t resistan
e measurementswere made using a 4 point jun
tion measurement. The measured gold pads were 20x20 �min area. A 
onta
t resistan
e on the order of 1000 �
-
m2 at 77K 
ould be re
overed whenthe sample was 
leaned with a 100V beam. However, to rea
h this 
onta
t resistan
e it wasne
essary to mill away at least 100�A with the 100V beam.In an attempt to further de
rease the 
onta
t resistan
e the 2 layer LSMO/YBCOsamples were milled in a variety of ways using 300V to remove the LSMO and 100V to
lean the YBCO. Figure 2.10 shows the results of the 
onta
t resistan
e obtained fromvarious milling 
onditions. Conta
t resistan
e was largely independent of the initial milling
onditions as long as the last 100�A milled in the YBCO was done with a 100V ion beamsetting.Finally, by annealing the samples at 450oC in 600 Torr of oxygen for 1 hour the 
on-ta
t resistan
e was lowered by another two orders of magnitude to 10 �
-
m2. It is veryimportant however that the top gold layer be thi
ker than 1500�A. Thinner gold was foundto agglomerate or de-wet on the surfa
e when annealed. This dewetting a
tually 
reated ahigher 
onta
t resistan
e than unannealed samples and may be due to the exposure of thesurfa
e during annealing. The gold pads were, in general, always deformed during annealingand be
ame a great deal rougher. Although deformed during annealing the gold was still



40readily pattered and et
hed away with the usual wet et
h pro
edure.10 �
-
m2 was the best 
onta
t resistan
e that 
ould be re
overed and was a

eptable fordevi
e appli
ations in this study. Longer annealing times yielded little 
hange in resistan
e.This 
onta
t resistan
e value is similar to values obtained for re
overy of damage in
urredto a single YBCO �lm when exposed to photolithographi
 pro
essing [Du 2001℄.
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LY020404Figure 2.10: Conta
t resistan
e vs. temperature for Au 
onta
ts on variouspretreated YBCO samples. All samples initially 
onsisted of a 500�A LSMO /800�A YBCO heterostru
ture. The entire top LSMO layer in
luding 100�A ofYBCO was milled away using a 300V ion beam voltage. The remaining YBCOwas then "
leaned" by milling with 150V and 100V ion beam voltages. A 300�AAu layer was then deposited in situ by DC sputtering. The 300V data is for aion milled sample with no low voltage 
leaning. Low voltage 150V and 100Vbeams were then applied for various times, expressed as mA-min. (6 mA-min �2 minutes with a 3 mA beam 
urrent.) The lowest 
onta
t resistan
e, � 1000�
-
m2, was a
hieved with the 100V 
onditions. 30 mA-min at 100V milledaway 100�A of YBCO. The gold pads were 20 x 20�m in Area.
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Figure 2.11: Conta
t resistan
e vs. temperature for Au 
onta
ts on variouspre-ion milled YBCO samples, before and after annealing. Three samples treatedwith various ion milling 
onditions are shown before and after annealing in 600Torr of oxygen at 450o for 1 hour. All samples initially 
onsisted of a 500�ALSMO / 800�A YBCO heterostru
ture. In sample #1, the top 500�(A) of LSMOwas milled away with a 300V beam, and then 200�A of YBCO was removed witha 100V beam. Data sets (1) and (1a) are the 
onta
t resistan
e before and afterannealing respe
tively. In sample #2, the top 500�(A) of LSMO was milled awaywith a 300V beam, and then 100�A of YBCO was removed with a 100V beam.Data sets (2) and (2a) are the 
onta
t resistan
e before and after annealingrespe
tively. And in sample #3, the 400�(A) of LSMO was milled away with a300V beam, and then the remaining 100�A of LSMO plus 100�A of YBCO wasremoved with a 100V beam. Data sets (3) and (3a) are the 
onta
t resistan
ebefore and after annealing respe
tively. The gold pads were 20 x 20�m in Area.



432.9 Low Temperature Measurement ApparatusFor preliminary testing, a low temperature dip probe was used to make ele
tri
al measure-ments. The probe 
onsisted of a long thin walled (.025") 1/2" diameter stainless steel tubewith a 
opper sample stage atta
hed to the bottom. Samples were glued to the 
opperstage with 'GE varnish' (from Lakeshore, part VGE-7031). The varnish is strong, has ex-
ellent thermal 
ondu
tivity at low temperatures and is easily removed with a
etone. Lowtemperature grease (Apiezon grease N) also 
an be used to atta
h samples and providesgood thermal 
ondu
tivity and easy sample atta
hment and removal. However, grease 
anbe extremely diÆ
ult to remove from a sample with a rough surfa
e. Tri
hloroetheylene(TCE) must be used in order to remove it.A Lakeshore sili
on diode thermometer (part DT-470-BO-11), with an a

ura
y of +/-0.25K was atta
hed to the 
opper stage near the sample lo
ation. Twisted pairs phosphorbronze wire ran from a military style 19 pin 
onne
tor (Part no. MS3112E14-19P on probe,MS3116F14-19S on 
onne
ting 
able) at the top, down the length of the tube and atta
hedto open ele
tri
ally isolated leads on the 
opper stage. Conne
tions from the sample to theinsulated leads were made with thin 0.05mm diameter gold wire. The gold wire was solderedwith indium to the stage leads and either pressed on with indium or silver pasted to thesample. (Silver paste from Ted Pella, In
., Gold and Indium wire from Alfa Aesar) Whenindium was pressed onto gold pads, often the indium would sti
k to the pressing point.When the pressing point was pulled away the gold pad would sometimes be a

identallypulled o� along with the indium. To prevent this from happening, gold wires were oftenindium soldered to samples. The appli
ation of melted indium to the surfa
e prevented thea

idental removal of the gold pads.A 
opper sheath en
losed the dip probes sample blo
k to prevent non-uniform air 
ur-rents from 
ausing unregulated temperature 
u
tuations. The probe was simply lowered



44in to a liquid nitrogen or a liquid helium bath to de
rease the temperature. No pre
isetemperature 
ontrol was made.A probe en
losed in a va
uum environment was used for pre
ise temperature 
ontrolledmeasurements. The probe was similar to that mentioned above, ex
ept the entire length ofstainless steel tubing and the sample blo
k were en
losed in a long narrow stainless steel
an 
apable of produ
ing a va
uum tight seal. (An 18 pin LEMO va
uum tight 
onne
torwas ne
essary to make the ele
tri
al feedthrough, part# HGG.2B.318.CLLP) The 
oppersample stage also had a length of resistive heating wire 
oiled around the bottom end(made by California Fine Wire). By eva
uating the probe 
an with a rotary pump and
ontrolling 
urrent in the heating wire with a temperature 
ontroller (340 Lakeshore) a �xedtemperature 
ould be obtained to an a

ura
y of +/- .001K (relative to the thermometerreading, see above paragraph for thermometer a

ura
y relative to the a
tual temperature).The heating was 
ontrolled via a PID feedba
k loop 
on�guration. PID parameters for thisprobe were P = 500, I = 70, and D = 0. The entire 
an, probe and all, was lowered intoa helium dewar to provide 
ooling. A small amount of helium 'ex
hange' gas was addedto the va
uum spa
e to provide a better 
ooling power to the sample blo
k from the liquidhelium bath. This was done to in
rease the 
ooling power, making the temperature easier tostabilize. With no ex
hange gas, temperature stablization 
ould take hours and PID valueswere very sensitive to small 
hanges. The probe temperature was 
ontrolled by a 
omputervia a IEEE GPIB 
onne
tion in 
onjun
tion with a Labview program (see Appendix K).A 
ryostat with an external ele
tromagnet was used for all �eld measurements. Thesystem 
onsisted of a Janus STVP-100 
ontinuous 
ow 
ryostat with a external GMW 5403water 
ooled ele
tromagnet 
apable of 
reating magneti
 �elds up to 0.5 Tesla. The 
ryostatwas 
ooled by 
ontinuously transferring liquid nitrogen or liquid helium through a transfertube into the system. By providing a 
ontinuous 
ow of 
oolant to the sample spa
e abetter sample temperature uniformity was 
reated. More 
ooling power is applied dire
tly



45to the sample in this way, minimizing lo
alized heating 
aused ele
tri
al 
urrents in devi
es.The 
ryostat was spe
ially optioned to be used with either liquid nitrogen or helium.Liquid helium, due to it's zero vis
osity, provided a ni
e even transfer allowing very a

uratetemperature 
ontrol (+/- .001K). Usually a pressure of � 5 psi was enough to provide anample 
ooling liquid 
ow. This was provided by evaporation of the liquid helium itselfinside the storage dewar. It was rarely ne
essary to pressurize the tank with an externalsour
e. The base temperature of the system was 4.2K, although temperature 
ontrol wasmore a

urate > 10K.Temperature 
ontrol with liquid nitrogen was more diÆ
ult due to the vis
os non-uniform 
ow but 
ould be readily stablized for temperatures > 100K. Liquid nitrogen 
ool-ing was very useful for simple preliminary measurements to 77K. Cooling pro
edures areavailable in the 
ryostat manual.The temperature in the 
ryostat was 
ontrolled with two heaters. One was lo
ated on theopening of the 
ooling liquid inlet tube and was referred to as the ne
k heater. This heaterwarmed the arriving 
oolant to just below (� 1K) the desired sample temperature. Theother heater was lo
ated on the sample stage. (A spe
ial 
able was made for the samplestage heater to be used with the analog voltage output of the 340 Lakeshore 
ontroller,as spe
i�ed by Lakeshore. The 
able has a 75 
 resistor in series in order to make thetotal heater 
urrent path resistan
e > 100 
. For more details see the Lakeshore manual.)Both heaters were 
ontrolled via a PID feedba
k loops with the Lakeshore 340 temperature
ontroller. The ne
k heater PID's were P=500, I=50, and D=0. The sample stage heaterPID's were P=600, I=300, and D=0. Temperature was be 
ontrolled by a 
omputer via aIEEE GPIB 
onne
tion in 
onjun
tion with a Labview program (see Appendix K).The external ele
tromagnet was powered by two Kep
o 20-20M power supplies wiredin series, 
apable of of produ
ing a total 
urrent of 40 Amps (20 Amps provided by ea
h).Care should be taken to provide an ample 
ooling water 
ow if the magnet is to be used at



46high 
urrents (> 20 Amps total). The magnet does have safety temperature interlo
ks thatwill shut down the power if the magnet gets to hot. However, this will halt data takinguntil the magnet is 
ool and there is always some danger the magnet 
ould be damaged.While the magnet 
ould only rea
h about 0.5 Tesla (low 
ompared with a super-
ondu
ting magnet), �eld stabilization times were negligible (see Appendix B for a
tual�eld range). This allowed fast 
ontinuous s
an measurements with a �eld step size � 1.4Gauss. The magnet 
urrent was a
tually the 
ontrolled parameter with a minimum step sizeof 9.6x10�3 Amps (4.8x10�3 Amps from ea
h of the two supplies). In a private 
ommuni-
ation with a te
hni
ian at Kep
o, it was explained that resolution of the GPIB interfa
e inthe power supply was 12 bits (4096 bytes), yielding the minimum 
urrent step of 4.8x10�3Amps for a single supply. Also the te
hni
ian pointed out, while the applied 
urrent 
an beread from the power supply by the 
omputer, the values returned by a query are sometimeserroneous. The value that is programmed (sent to the power supply) is more a

urate.However, the most a

urate determination that 
an be made would be by atta
hing anammeter in series with the magnet and reading out the 
urrent.The �eld was 
alibrated using a gaussmeter. See the graph in Appendix B. The magnetwas 
ontrolled by a 
omputer via a IEEE GPIB 
onne
tion in 
onjun
tion with Labviewsoftware (see Appendix K).2.10 Transport Measurement SetupTwo Keithley 2400 programmable sour
emeters were used to supply the measurement 
ur-rent and the inje
tion 
urrent to the devi
e under test (DUT). The settle time for stabi-lization of 
urrent from these meters was < 30�se
. The typi
al resistan
e of measureddevi
es was < 100 k
, pla
ing them well within the meters usable range. A Keithley 2812programmable voltmeter was used to measure the test voltages. The meter was a

urate toa 1nV s
ale. Typi
al noise levels of the measured samples � 20 nV. The internal resistan
e



47of the 2182 was > 1 G
.A 340 Lakeshore temperature 
ontroller was used to monitor temperature and supplypower for heaters in the temperature 
ontrolled dip probe and the Janus 
ryostat system. Asili
on diode thermometer was used on the dip probes, and gallium arsenide thermometerswere used in the Janus 
ryostat due to the applied magneti
 �elds. All temperature 
urveswere entered into the 
ontroller from data supplied by the thermometer vendor (Lakeshore).A 
alibrated thermometer was tested in the temperature 
ontrolled dip probe. Temperaturesfrom the un
alibrated Si diode were found to be less than 1K o� the 
alibrated levels fortemperatures from 4K - 300K.The 2400, 2182, and 340 were programmed and triggered via a GPIB 
omputer interfa
e.All data 
olle
tion and devi
e 
ontrol was done from Labview programs (see Appendix K)((For future referen
e.)On
e, a temperature 
ontroller in our lab was found to yielddi�erent readings when 
onne
ted to the GPIB 
ard in the 
omputer as opposed to whenit was not 
onne
ted. After exhausting all possible grounding or shorting problems it was�nally found that the 
omputer's low 
ost power supply was at fault. Upon its repla
ementall deviations disappeared. It should be noted that a 
omputer's power supply, in some
ases, 
ould be a signi�
ant sour
e of noise.)The ele
tri
al measurements were done in su
h a way as to minimize the time requiredto apply any measurement 
urrents. This was done to minimize any o�sets that may be
aused due to resistive heating. It was possible to program the 2182 and the 2400's totrigger simultaneously from a multiple trigger 
ommand given from the GPIB interfa
e. Adelay time 
ould be programmed into the 2182, whi
h provided a pause time after the initialtrigger, to allow the supplied 
urrents to rea
h their equilibrium values. A delay time of 3mse
 was typi
ally used unless otherwise stated. No ele
tri
 �ltering of the data was madein any measurement by the 2182 and the automati
 range fun
tion in the 2182 was turnedo�. These fun
tions 
reate un
ontrollable delays in the timing of the instrument making



48a

urate time 
ontrol impossible.The time required for the 2182 to make a measurement 
ould be varied, and the standardtime unit referred to in the Keithley manual is number of 
lo
k 
y
les. One 
lo
k 
y
le is16.6ms (1/60Hz). All measurements in this study were done with the 2182 set to measureat 1 
lo
k 
y
le. Although smaller times 
ould have been sele
ted, a trade o� of a highernoise level has to be made. One 
lo
k 
y
le was short enough to redu
e heating and a
tuallysits at the minimum of noise produ
tion of the 2182 (See 2182 manual).In a private 
ommuni
ation with a Keithley support engineer it was revealed that the2182 a
tually requires 3 
lo
k pulses to 
omplete a su

essful measurement when the devi
eis set to 1 
y
le. In the �rst 
lo
k 
y
le, the voltage measured at the devi
e is re
orded.In the se
ond and third 
y
le, ba
kground measurements are made within the 2182 itself.These ba
kground measurements are used to subtra
t noise from the a
tual measurement,thereby allowing the voltmeter to rea
h su
h high levels of a

ura
y. It is important totake this in to a

ount when applying 
urrents. All applied 
urrents must stay on for atleast 3 x 16.6 mse
 � 50 mse
. Any swit
hing o� of 
urrent during the two ba
kgroundmeasurement 
y
les of the 2182 throw o� its noise 
orre
tion. Currents turned o� beforethe 50 mse
 minimum 
reated a large noise signal. See �gure 2.12.The total time of the applied 
urrent for measurement was then 60 mse
. Usually a 3se
ond delay was set between 
onse
utive measurements, providing a duty 
y
le (appliedtime / down time) of < 2x10�2.
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Figure 2.12: The timing s
hemati
 for the ele
tri
al 
urrent-voltage measure-ments. Note, the drawing is not to s
ale. The Keithley 2182 nanovoltmeterand the 2400 sour
emeter were triggered simultaneously with a GPIB multipletrigger 
ommand. Note, all times shown are typi
al of most measurements madein this study. The sample measurement time and the noise 
an
elation time aresubje
t to the integration time setting of the 2182. It is assumed the integrationtime is set to 1 PLC (1 power line 
y
le = 1/60Hz). It is important that the2400 dwell time always ends outside of the noise 
an
elation region to avoid the
reation of substantial noise.



Chapter 3Colossal Magnetoresistive Tunnel Jun
tions3.1 Introdu
tionMagnetoresistive tunnel jun
tions (MTJ) have re
eived 
onsiderable attention lately due tothe development of giant magnetoresistan
e (GMR) in metalli
 multilayers [Moodera 1995,Miyazaki 1995℄ and the dis
overy of 
olossal magnetoresistan
e in perovskite ferromagnetthin �lms [Chahara 1993, Helmolt 1993℄. The devi
es 
onsist of an thin insulating bar-rier between two thin ferromagneti
 layers (F-I-F) and have been found to display large
hanges in resistan
e when subje
t to the appli
ation of a magneti
 �eld. The insulatingbarrier interrupts ex
hange 
oupling between the bottom and top ferromagnets, allowingthe magneti
 orientation of one to rotate relative to the other, provided the 
oer
ive �eldsare di�erent. A high resistan
e state is 
reated when the ferromagnets magnetizations arealigned anti-parallel, and a low resistan
e state is 
reated when the �lms are parallel. Thise�e
t was 
oined tunneling magnetoresistan
e (TMR).The basis of these tunneling e�e
ts stems from the spin of the ele
tron. More pre
isely,the tunneling is related to the spin of the itinerant ele
trons in the ferromagnet. In 1936,Mott determined that the 
urrent that propagates in a metalli
 ferromagnet 
arries withit a spin-polarized 
urrent [Mott 1936℄. By 
al
ulating s
attering rates for spin-up andspin-down itinerant ele
trons in the ex
hange split d-band of transition metal ferromagnets,
50



51Mott dedu
ed that the ele
tri
al 
urrent in a ferromagnet metal had a net spin polarization,P = J" � J#J" + J# ; (3.1)where J" and J# are the up and down spin 
urrent densities.The polarization (P) of the 
urrent in Fe, Co, and Ni was �rst determined in the pioneer-ing experiments of Tedrow and Meservey (1970-1973) [Tedrow 1970-73℄. These experimentswere also the �rst to display spin dependent tunneling. Tedrow and Meservey measuredthe 
ondu
tan
e of thin �lm super
ondu
ting/insulator/ferromagnet jun
tions in an appliedmagneti
 �eld. Their jun
tions 
onsisted of a top ferromagneti
 metal (Fe,Co,Ni) strip, aninsulating Al2O3 barrier, and a bottom Al strip. The magneti
 �eld was applied in theplane of the S/I/F heterostru
ture.When a type-I BCS super
ondu
tor is subje
t to an applied magneti
 �eld, the up anddown spin quasiparti
le density of states are Zeeman split by a value of 2�BB, where �Bis the Bohr magneton, and B is the magneti
 �eld (see �gure 3.1). The 
riti
al �eld of athin �lm super
ondu
tor is mu
h larger when the �eld is applied parallel to the surfa
e.This allows a measurable split in the quasiparti
le density states to be a
hieved while stillmaintaining the super
ondu
ting state. In a ferromagneti
 metal, the bands are ex
hangesplit, yielding a di�erent density of states at the Fermi level for up and down spin bands.In the S-I-F jun
tion, the imbalan
e of spin states at the ferromagnet Fermi level,
ombined with the splitting of the super
ondu
tor quasiparti
le density of states, yieldsdi�erent tunneling probabilities for up and down spins depending on the bias of the jun
tion.This asymmetry was 
learly displayed in the tunneling 
ondu
tan
e spe
tra measured byTedrow and Meservey (�gure 3.1).By measuring relative heights of the peaks in the asymmetri
 tunneling spe
tra of theirS-I-F jun
tions, Tedrow and Meservey were able to determine the polarization of severalferromagnets, although their jun
tions may have been somewhat 
rude by today's standards.
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Figure 3.1: (a) BCS super
ondu
tor density of states split by 2�BH due toapplied magneti
 �eld H. 2� is the super
ondu
ting gap. (b) Condu
tan
eas a fun
tion of voltage for an F-I-S stru
ture in �eld H (solid 
urve). The
ondu
tan
e for ea
h spin orientation is represented by the dotted and dashed
urves. The relative heights �i were used to determine the polarization of theferromagnet. [Tedrow 1970-73℄



53An ex
ellent review is provided in [Tedrow 1994℄.TMR was �rst theoreti
ally investigated and modeled by Julliere in a thin �lm FIFexperiment thirty years ago [Julliere 1975℄. Julliere 
ombined the ideas of spin dependanttunneling developed by Tedrow and Meservey [Tedrow 1970-73℄ with the 
lassi
 quantummodel of tunneling [Simmons 1963-64, Bardeen 1957℄. The 
lassi
al model of tunnelingassumes that the two ferromagneti
 ele
trodes are independent systems and the insulatingbarrier is a perturbation whi
h allows tunneling between the two. Julliere assumed that thetunnel 
urrent was proportional to the produ
t of the spin density of states on either sideof the jun
tion barrier, and that spin was 
onserved in the tunneling pro
ess.The 
ondu
tan
e when the two ferromagnets of a F-I-F jun
tion are alignedGP (/ 1=RP )is di�erent than the 
ondu
tan
e when they anti-parallel, GAP (/ 1=RAP ). Tunnelingmagnetoresistan
e is usually de�ned as,TMR = RAP �RPRP ; (3.2)as de�ned by Julliere. In some publi
ations it is de�ned as TMR� = RAP�RPRAP , where theTMR� only ranges from 0 to 1. All referen
es to TMR in this thesis refer to equation3.2. The polarization, P , of a ferromagnet is determined by the di�eren
e between the spindependent density of states at the Fermi level, N�(EF ), and de�ned as,P = N"(EF )�N#(EF )N"(EF ) +N#(EF ) (3.3)The 
lassi
al quantum theory of tunneling [Tedrow 1994℄ states that the 
ondu
tan
e of thejun
tion is proportional the produ
t of the density of states of the two ferromagnets, su
hthat, GP / N"1 (EF )N"2 (EF ) +N#1 (EF )N#2 (EF ) (3.4)GAP / N"1 (EF )N#2 (EF ) +N#1 (EF )N"2 (EF ) (3.5)



54where indexes 1 and 2 denote the two ferromagnets.These 2 equations then yield Juliere's result,TMR = RAP �RPRP = 2P1P2(1� P1P2) (3.6)Note this model does not take into a

ount barrier height or thi
kness.Julliere's model, although simplisti
, provides a good basi
 insight into the problemof tunneling magnetoresistan
e. This idea was further extended by Slon
zewski in 1989[Slon
zewski 1989℄ who in
luded the overlap of the ferromagneti
 wave fun
tions within thebarrier and solved the problem with S
hr�odingers equation. Slon
zewski used a free-ele
tronmodel, a re
tangular barrier potential, and an internal ex
hange energy in the magneti
layers of the form �h � �. It is assumed in su
h a model that the ele
tron momentumparallel to the jun
tion is 
onserved in the tunneling pro
ess. In Slon
zewski's model, the
ondu
tan
e (G) of a F-I-F' tunnel jun
tion is given byG = Gfbf 0(1 + PfbPf 0b
os�) (3.7)where Pfb, is the polarization of the ferromagneti
 material given by,Pfb = k" � k#k" + k# � �2 � k"k#�2 + k"k# : (3.8)k" and k# are the up and down ele
tron momentum, and i� is the imaginary ele
tronmomentum inside the barrier. Subs
ript fb a

entuates the two multiplied terms in Pfbas being related to the ferromagnet and the barrier respe
tively, and f and f' denote twodi�erent ferromagnets (for similar ferromagnets f=f'). The angle � is the relative orientationof the magnetization of the two layers to ea
h other, where ea
h layer is assumed to 
onsistof a single domain. Gfbf 0 is proportional to e�2�d where d is the thi
kness of the barrier.The polarization is seen to also depend on the height of the barrier Vb through i� where�hk = [2m(Vb �EF )℄1=2.



55For paraboli
 bands, k" / N"(EF ) and k# / N#(EF ). The �rst term of the polarizationis then seen to be equivalent to the de�nition given by Julliere's model given in equation3.3. Note for the se
ond term, 1 > �2�k"k#�2+k"k# > �1. With the approproate 
hoi
e of barrier(�2), this suggests the possibility that P < 0. It is therefore predi
ted that not only arethe polarizations of the ferromagnets in a TMR experiment important, but the 
hoi
eof insulating barrier as well. Therefore, in a tunneling experiment, the notion that spinpolarization is an intrinsi
 property of the ferromagnet alone is 
ontradi
ted. For suÆ
ientlyhigh barriers, Slowzewski's result redu
es to Julliere's. Therefore, Julliere's model is stilloften used to to quantify some tunnel jun
tion results. When only one spin band is presentat the Fermi level, and the barrier is suÆ
iently tall, Slon
zewski de�nitions are seen toyield a polarization of one, and the 
ondu
tan
e is seen to vanish for opposite orientationsof the magneti
 domains (� = 180o). This would be appli
able to LSMO whi
h is believedto be half metalli
.Experimental investigations, however, have found that mu
h remains unexplained. Re-
ent Co/STO/LSMO jun
tions made by Teresa et al [Teresa 1999℄ show both positive andnegative TMR depending on the appli
ation of the voltage bias. See �gure 3.2. This in-di
ates a negative polarization for Co where all previous TMR experiments using Al2O3as the insulating barrier gave a positive polarization. To date, there still appears to be no
ompletely a

urate model of TMR.After Julliere's work, experimental TMR study lied rather dormant for over 20 years dueto diÆ
ulty in su

essful devi
e fabri
ation and small e�e
ts that were not useful for te
h-nologi
al appli
ations. The studies were reborn with the advent of giant magnetoresistivity(GMR). GMR tunneling was developed by Moodera et al. and the pair of Miyazaki andTezuka [Moodera 1995, Miyazaki 1995℄ at roughly the same time in 1995. FIF jun
tionsmade of Co/Al2O3/CoFe displayed a TMR of up to 10% at room temperature making themuseful in te
hnologi
al appli
ations (like GMR read heads in the harddrive of a 
omputer).
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Figure 3.2: TMR% as a fun
tion of applied voltage for a Co/STO/LSMO jun
-tion. Both positive and negative TMR was found depending bias. [Teresa 1999,Fert 2001℄The key to the stru
tures was the experimental development of an ex
ellent thin relativelydefe
t free Al2O3 barrier.Re
ently, interest in TMR has peaked again with the 'redis
overy' of 
olossal magnetore-sistive (CMR) perovskite materials in a thin �lm form by Helmolt[Helmolt 1993℄ and Cha-hara [Chahara 1993℄. See se
tion 2.3.1 for a detailed analysis of the 
rystal and ele
troni
stru
ture of these materials. CMR materials have in
reased the interest in the TMR �eldfor several reasons. Early experimental and theoreti
al 
al
ulations indi
ated that CMRmaterials, La0:67Sr0:33MnO3 in parti
ular, were 'half-metalli
' [Wei 1997, Okimoto 1995,Park 1998℄, that is the spin-up and spin-down 
ondu
tion bands were 
ompletely separatedat low temperatures providing a 100% polarized spin 
urrent. Therefore these materialsshowed promise in providing a large TMR in 
omparison with their metalli
 
ounterparts.Also, CMR materials were found to exhibit transitions to the ferromagneti
 state at tem-peratures far above room temperature. Therefore it was thought that not only would CMRjun
tions exhibit large low �eld e�e
ts, but would operate at room temperature, makingthem ideal for te
hnologi
al appli
ations.
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Figure 3.3: Per
entage of resistan
e 
hange of a CoFe/Al2O3/Co tunnel jun
-tion as a fun
tion of magneti
 �eld (H) in the �lm plane at 295K. Also, shownis the variation in resistan
e of a single CoFe and Co �lm. The arrows indi
atethe dire
tion of the magnetization states in the two �lms. [Moodera 1995℄Most CMR jun
tions have yielded s
attered results that are hard to reprodu
e, andmany yield polarizations far below expe
ted values (< 50%). A variety of TMR valueshave been found in La0:67Sr0:33MnO3/ STO/La0:67Sr0:33MnO3 stru
tures (see table3.1).In 
ollaboration with J.Z. Sun, Noh et al. [Noh 2001℄ found a TMR of 100%, Lu et al.[Lu 1996℄ 83%, and Sun [Sun 1997-2001, Sun 1998℄ 100%. Also, Obata et al. [Obata 1999℄found a TMR of 150%. All these results provide polarizations of less than 60%. Viret etal. [Viret 1997℄ reported a TMR of 450%� yielding a polarizations of 83%, and re
ently,Bowen et al. [Bowen 2003℄ have found a TMR of 1800%� giving a polarization of 95%, butonly in one jun
tion. Bowen's other jun
tions yielded a TMR of 800%�. (* All papers 
amefrom the same lab.) Jo et al. [Jo 2000℄ have found a TMR of 630% in La0:7Ca0:3MnO3/NdGao3/La0:7Ca0:3MnO3 jun
tions, yielding a polarization of 83%.
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Results from various TMR jun
tion studies.TMR (%) Temp (K) Ref.1 300 Ogimoto et al.[Ogimoto 2003℄1 270 Obata et al.[Obata 1999℄12 270 �Bowen et al. [Bowen 2003℄12 4.2 Ogimoto et al.[Ogimoto 2003℄83 4.2 Lu et al.[Lu 1996℄100 4.2 Noh et al.[Noh 2001℄100 4.2 Sun [Sun 1997-2001, Sun 1998℄150 4.2 Obata et al.[Obata 1999℄450 4.2 �Viret et al. [Viret 1997℄630 77 �� Jo et al.[Jo 2000℄800 4.2 �Bowen et al. [Bowen 2003℄1800 4.2 �Bowen et al. [Bowen 2003℄Table 3.1: Tunneling magnetoresistan
e results from other studies. All resultsare for LSMO/STO/LSMO jun
tions ex
ept those of �� Jo et al.[Jo 2000℄ whi
hare LCMO/NGO3/LCMO. �Bowen and Viret results are from the same resear
hgroup.



59All large TMR values are displayed at extremely low temperatures � 4.2K, ex
ept Joet al. at 77K. And, as temperature rises most e�e
ts disappear around 150K, well belowthe ferromagneti
 transition temperatures (> 300K) of CMR materials involved. This hasprevented the te
hnologi
al appli
ation of CMR jun
tions. Ogimoto et al. [Ogimoto 2003℄has reported TMR above room temperature in LSMO stru
tures but the TMR is < 1% atroom temperature and � 12% at 4.2K. Obata et al.'s jun
tions also yield a 1% TMR at270K.For all the previously mentioned reports the magneti
 �eld is applied in the planeof the �lm. LSMO grown on STO has an easy magnetization axis in plane of the �lm([Hu 2004, Haghiri-Gosnet 2003℄). Jo et al. have reported the in-plane rotational depen-den
e of LCMO/NGO/LCMO jun
tions. Jo �nds a angular TMR dependen
e whi
h hasto do with the re
tangular geometry of the jun
tion and the pinning of the edge domains.To our knowledge, no data has been published to date on the TMR dependen
e on anout-of-plane applied �eld for CMR based tunnel jun
tions.3.2 LSMO/STO/LSMO Magneti
 Tunnel Jun
tions3.2.1 Devi
e Fabri
ation, Chara
terization, and Measurement Te
hniqueLa0:67Sr0:33MnO3/SrTiO3/La0:67Sr0:33MnO3 tunnel jun
tions were developed and tested inthis study. The heterostru
tures were grown in situ by PLD on STO substrates using theparameters presented in 
hapter 2. The samples were then qui
kly removed from the PLD
hamber and pla
ed in an evaporator to deposit a 350�A thi
k top gold layer. Time betweenthe ex situ move from the PLD va
uum 
hamber to the evaporation va
uum 
hamber waskept at a minimum (<5 minutes). It has been found that small ex situ times have anegligible e�e
t on the 
onta
t resistan
e between gold and LSMO [Chen 2001℄ 
omparedto those made in situ.



60The jun
tions were 
reated in a pro
ess similar to that presented by Sun et al [Sun 1996℄.The explanation of the pro
ess whi
h follows is depi
ted in �gure 3.4. First, the entireheterostru
ture was ion milled through using a 300 volt Ar ion beam. Then the topLSMO/STO layers plus about 100 �A into the bottom LSMO layer were milled throughto 
reate the tunnel jun
tion area. Finally SiO2 was sputtered and patterned with a lifto�pro
edure to allow gold 
onta
ts to rea
h the top of the tunnel jun
tion without shortingto the bottom layer of the devi
e. The �nal step was sputtering a thi
k gold layer andpattering it to 
reate the measurement 
onta
ts. All PLD, ion milling, and sputtering weredone with 
onditions provided in 
hapter 2. The perpendi
ular 
ross se
tional jun
tionareas were 10 x 10 �m (small) and 20 x 20 �m (large) in area.Jun
tion resistan
e, RJ , was measured with a standard four point measurement. AKeithley 2400 sour
emeter provided the 
urrent and a Keithley 2182 nanovoltmeter mea-sured the voltage. The timing of the meters was stri
tly 
ontrolled. All 
ontrol and dataa
quisition was done with a Labview program. For FIF jun
tion measurements the 
urrentwas applied for 3 millise
onds prior to a 16ms measurement time required for the 2182 nano-voltmeter, yielding a total applied time � 20 mse
 during measurement. This was done inorder to minimize heating e�e
ts while maintaining the low noise 
apability of the meters.See se
tion 2.10 for a more detailed analysis of the measurement timing. Most jun
tionswere measured with an applied 
onstant 
urrent of 1x10�7 Amps (see �gure 3.22).The samples were primarily measured in a Janus 
ryostat with an external ele
tromagnet
apable of rea
hing a magneti
 �eld� 0.55 Tesla (5500 Gauss) with a step size of 1.36 Gauss.The sample stage 
ould be manually rotated in relation the magneti
 �eld with an a

ura
yof +/- 1o. Samples were measured with the magneti
 �eld applied at di�erent out-of-planeangles relative to the plane of the sample (see �gures 3.10 and 3.10). A few high �eldmeasurements were made in a Quantum Design 
ryostat with a super
ondu
ting magnet
apable of attaining 9 Tesla magneti
 �elds.
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Figure 3.4: A s
hemati
 of the magneti
 tunnel jun
tion fabri
ation pro
ess.All PLD, ion milling, and sputtering were done with 
onditions provided in
hapter 2. Available jun
tion areas were 10 x 10 �m 20 x 20 �m.



62The bottom LSMO layer of most su

essful jun
tions was 400�A to 500�A thi
k. Thiswas thin enough to provide a smooth surfa
e and not so thin as to 
reate problems duringdevi
e fabri
ation. Although the deposition of mu
h thinner LSMO �lms is possible, it 
anbe diÆ
ult to prevent the se
ond ion milling step from destroying the thin layer.An atomi
 for
e mi
ros
opy (AFM) study was 
ondu
ted to determine the pulsed laserdeposition parameters whi
h yielded the smoothest �lms while maintaining a

eptable phys-i
al 
hara
teristi
s. The best single layer 500�A LSMO �lm showed ni
e step growth witha surfa
e roughness of less than 10 �A over a 5 x 5 �m area. For thi
ker �lms roughnessbe
ame a fa
tor due to out growths and defe
ts. AFM was 
riti
al for the development ofgood jun
tions. While 
ertain deposition 
onditions yielded good ele
tri
al properties, thiswas not an indi
ator of morphology. Small 
hanges in deposition were found to have largee�e
ts on �lm growth.The resistan
e of the bottom LSMO layer after pro
essing (photolithography, ion milling,et
.) was determined by applying a two point measurement to the bottom LSMO leads(see �gure 3.6). The Au/LSMO 
onta
t pads used to 
onne
t the sample LSMO leads tothe measurement system had an area � 400 x 400�m and an estimated overall resistan
eless than 10 
 making their 
ontribution to the two point measurement negligible. In allmeasured jun
tions the integrity of the bottom LSMO layer was found to remain inta
t.Even after milling 100 �A into a 400 �A thi
k bottom �lm, the ferromagneti
 transitiontemperature was found to remain above 300K and the resistivity was similar (< 1000 �
-
m) to un-milled thi
ker samples.The resistan
e of the top layer was determined by measuring an unpatterned hetero-stru
ture. This was believed to be a good indi
ator of the top LSMO layer propertiessin
e the bottom LSMO layer was isolated by the insulating STO. In any 
ase, even ifthis measurement measures both layers as resistors in parallel, it should still reveal anyindi
ation of a transition temperature below 300K. As shown in �gure 3.6 no indi
ation of
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Figure 3.5: Resistan
e vs. Field for a LSMO bridge at 100K. The measuredbridge dimensions are 10�m long, 10�m wide, and 400�A thi
k. The �eld wasapplied in the plane of the sample, parallel to the 
urrent. Note the magneto-resistan
e is < 1% and the overall resistan
e is several orders less than theLSMO/STO/LSMO jun
tions. Smaller 
hanges in resistan
e were seen for out-of-plane applied �elds. Due to the anisotropi
 magnetoresistan
e e�e
t (AMR)a negative 
hange in resistan
e of similar magnitude was displayed when themagneti
 �eld is applied in the plane of the �lm perpendi
ular to the 
urrent.a transition below 300K is seen. It should be noted that a single LSMO thin �lm has asmall magnetoresistive hysteresis (see �gure 3.5), but the magnitude is too small as to playa part in the TMR jun
tion measurements.
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Figure 3.6: Resistan
e vs. temperature for the top and bottom LSMO layers ofa LSMO/STO/LSMO heterostru
ture. The top layer was measured with a fourpoint measurement on an unpatterned sample. It is assumed the 
urve is largelydue to the top layer due to the insulating STO barrier. The top LSMO �lm was100�A thi
k. Top �lms grown on heterostru
tures with thi
k STO layers (>48�A)displayed similar results. The bottom LSMO layer is measured after jun
tionpatterning by a 2 point measurement. The data shown here is of patternedbottom leads of devi
e that was 10 �m wide and 300�A thi
k (after ion millingaway top layers). Again, the bottom data is thought to be largely due to thebottom LSMO be
ause of isolating e�e
t of the insulating STO barrier. It shouldbe noted that these two data sets are from two di�erent samples deposited atthe same time. However, similar results have been found in other sample sets.



65The thi
kness of the STO insulating layer in su

essful jun
tions was 24 to 48 �A. Aslight 
orresponden
e of jun
tion resistan
e was found for barrier thi
kness, however dueto surfa
e roughness the insulating layer 
ould be thi
ker or thinner in 
ertain areas of thejun
tion. Typi
al overall resistan
e of the jun
tions was 103 to 104 
 yielding an estimatedvalue of the resistivity of the STO layer of 2x104 
-
m. The total resistan
e of the LSMOlayers in a 10 x 10 �m jun
tion would be < 1 
 sin
e the resistivity of LSMO is < 1000�
-
m over the temperature range from 300K to 4.2K. Thus it 
an be negle
ted in theestimation of the resistan
e of the STO barrier.The high resistan
e of the STO barrier in relation to the LSMO leads ex
ludes the mea-surement of these jun
tions from the problems asso
iated with barriers that have resistan
eson the order of the leads. When the resistan
e of the jun
tion leads is on the order of theresistan
e of the jun
tion itself, a non-uniformity 
urrent distribution is 
reated and a fourpoint measurement 
an 
ause a false resistan
e reading [Veerdonk 1997℄. The resistan
e ofour jun
tions is also found to roughly s
ale linearly with jun
tion area, whi
h also suggeststhe measurements are a true indi
ation of the real resistan
e.The primary de
iding fa
tor in obtaining a large TMR e�e
t in our jun
tions was thePLD growth parameters for the STO layer. In parti
ular the temperature and oxygenpressure maintained during deposition greatly e�e
ted devi
e performan
e. Initially STOwas deposited with PLD parameters similar to YBCO, with a pressure of 100mTorr and atemperature of 805oC. With these 
onditions jun
tion resistan
es were found to be rathersmall (� 100 
) and TMR values were < 1%. The deposition oxygen pressure was slightlyin
reased to 150mTorr and the temperature lowered to 700K. With these 
onditions amaximum TMR of only 20% was found at 5K for a jun
tion with a 98�A STO barrier.The overall resistan
e of this jun
tion was still only 100 
. AFM images of a STO layerdeposited on a bottom LSMO layer were very smooth (roughness < 10�A) and 
ontained fewdefe
ts. The smoothness and low resistan
e of these relatively thi
k STO layers pointed to



66oxygen de�
ient �lms. Oxygen de�
ient STO displays a mu
h higher 
ondu
tivity.The best jun
tions were �nally 
reated by annealing the samples in oxygen after deposi-tion. The as deposited samples were 
ooled to 450oC and then annealed for 6 hours in 600Torr of oxygen, before 
ooling to room temperature. In previous depositions the sampleshad always been annealed for 30 minutes at 450oC before 
ooling. Evidentially this was notlong enough to allow the di�usion of oxygen to saturate the STO layer.3.2.2 Standard Tunneling magnetoresistan
e and Angular E�e
ts.The best jun
tion produ
ed to date was found in a 10 x 10 �m area jun
tion with a bottom400�A LSMO layer, a middle 24�A STO layer, and a top 500�A LSMO layer. The TMR ratiowas dependant on the initial magnetization state. Most studies ramp a magneti
 �eld tosome high value guaranteeing that all magneti
 domains are aligned along the �eld axis.We initially 
ondu
ted the meassurements in this way. However, larger TMR ratios andsharping swit
hing were found when the jun
tion was demagnetized and the hysteresis s
anwas kept in a low �eld region. For now we will dis
uss the results from the usuall high �eldte
hnique. We will dis
uss the demagnetization te
hnique and data later.When the sample was initially subje
t to a high magneti
 �eld the highest TMR foundwas � 360% at a temperature of 5K. See �gure 3.7. Using the relation of TMR to polar-ization given in equation 3.6, the polarization of LSMO given by this result is � 80%. TheTMR signal disappeared at 275K where it displayed a value of � 1%. In most jun
tions,STO barriers of 24 - 48�A showed similar results. Normally the devi
es had a TMR � 200%at 5K, whi
h disappeared at 225 - 275K. The TMR was not always found to in
rease withde
reasing temperature. Jun
tions with a top LSMO layer of 100�A were found to a havepeak TMR signal around 50K after whi
h an abrupt drop was seen to o

ur (see �gure 3.9).The 
ause of the de
rease is unknown. However, a narrowing of the �eld width of the highresistan
e peak suggests that the 
oer
ive �eld of the top and bottom layer may be getting
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loser together than at higher temperatures.Most jun
tions displayed a highly symmetri
 hysteresis 
urve, espe
ially in terms of thehigh and low resistan
e state values. Figure 3.9 shows the average TMR and the peak TMR(using the highest resistan
e value of the 
urve). There is little to no di�eren
e between thepeak and average value of the TMR signal. Overall jun
tion resistan
e, RJ , was typi
allyon the order of 10k
 (see �gure 3.14). Changes in resistan
e with applied �eld rea
hed upto 35k
. These 
hanges were often very abrupt and 
ould o

ur within a 
hange of �eldof only 1.3 Gauss. The typi
al �eld at whi
h these transitions o

urred, when the �eldwas applied in the plane of the sample, was 30 - 50 Gauss. This most likely represents the
oer
ive �eld of a large domain in one of the LSMO layers. Whether the top or bottomlayer of the jun
tion had the higher 
oer
ive �eld was diÆ
ult to determine. Devi
es werepositioned in the �eld in su
h a manner that the long bottom LSMO strip was parallel tothe �eld. This alignment would 
orrespond to the easy in-plane axis of the bottom layerbased on geometry.Jun
tions were also measured as a fun
tion of the out-of-plane angle of the appliedmagneti
 �eld. While the TMR height was largely un
hanged, the 
oer
ive �elds asso
iatedwith the jun
tion were found to sharply in
rease near 90o (Field perpendi
ular to the planeof the sample). See �gure 3.10.Thin ferromagneti
 �lms have a large perpendi
ular demagnetization �eld, Hd, whi
hmust be over 
ome in order to magnetize a �lm out-of-plane. (That is unless the perpendi
-ular anisotropi
 �eld is large enough, in whi
h 
ase the �lm has an out-of-plane easy axis.LSMO/STO has a in-plane easy axis.) The potential energy of a ferromagnet due to themagnetization (M) is, ��o2 ZV M �HddV = �o2 ZV M2NddV; (3.9)where Nd is the demagnetization fa
tor. In a thin �lm limit the demagnetization fa
torsare Nx � 0, Ny � 0, and Nz � 1. For �elds smaller than the demagnetization �eld, the



68magnetization will 
hoose a in-plane orientation. A slight misalignment in a perpendi
u-lar applied magneti
 �eld yields a small in-plane �eld 
omponent. Depending on in-planeanisotropies, the magnetization orientation will follow this in-plane 
omponent if the per-pendi
ular 
omponent of the applied �eld is small in realtion to the demagnetization �eld.For a �eld s
an, the small in-plane �eld 
omponent would obviously 
hange dire
tion as theout of plane 
omponent reversed. Therefore, the swit
hing in these measurements may justbe the by produ
t of a slight misalignment and a large demagnetization �eld.Due to geometry, thi
kness, stress, and roughness, the upper and lower LSMO �lms mostlikely have di�erent 
oer
ive and demagnetization �elds. Therefore, under the appli
ationof an out-of-plane �eld the magnetization of one �lm may lean out-of-plane long beforethe other. After the negative swit
hing event in the TMR s
ans the jun
tion resistan
emaintained a low stable state even for large out-of-plane magneti
 �elds up to 2 Tesla. Ifone �lm's magnetization did lean out-of-plane before the other, a slow 
hanges in resistan
ewould be seen at the begining or end of the TMR 
urves 
oresponding to a de
rease orin
rease in the angle between the two magnetizations (
hange in relative angle from 0or 180o ! 90o). At 5K there is a slight di�eren
e in the magnitude of the TMR signalwith a slow in
rease and de
rease in the TMR signal. See �gure 3.11. Perhaps at lowtemperatures a large enough di�eren
e in 
oer
ive and demagnetization �elds has beenattained between the top and bottom LSMO �lms so that this e�e
t 
an be seen. Asshown, at low temperatures (< 50K) the 
oer
ive �eld required at 90o 
ould be on the orderof 1 Tesla. However, above 50K the TMR 
urves show abrupt transitons at the ends ofthere 
urves whi
h do not support this argument.By Slon
zewski's model (equation 3.7), one would expe
t that in-plane TMR resultswould always be greater than or equal to out-of-plane TMR results. However at 50K, theout-of-plane TMR (� = 90o) in �gure 3.10 was a
tually slightly larger than the in-planeresults. This may be due to the fa
t that the in-plane swit
hing events o

ur at mu
h



69smaller �elds and the step size of the magnet is not small enough to allow the true highresistan
e state to be displayed. In any 
ase the magnitude of the out-of-plane TMR signalwas very 
lose to the in-plane 
ase.The 90o result in �gure 3.10, shows what appears to be 
lear Barkhausen jumps. Thisseems to indi
ate there are many small domains present in the sample. However there isa distin
t abrupt jump from the high resistan
e state to the low restan
e state. Possiblythe lower layer, whi
h would be smoother and more uniform, has less defe
ts and largerdomains. The upper �lm would be rougher, and may be the 
ause of the numerous smalldomains.A interesting measurement was 
ondu
ted in whi
h the jun
tions were magnetized inan initially parallel state. See �gure 3.12. This was done by �rst applying a large magneti
�eld whi
h was slowly lowered to zero. With zero �eld being applied the sample was slowlyrotated to a di�erent angular orientation, then the magneti
 �eld s
an was 
ontinued. Whenthe sample was rotated in a zero �eld, a large 
hange in resistan
e o

urred before any �eldwas applied. For 180o rotations the 
hange in resistan
e was often as large as the 
hange
reated in a normal TMR s
an. Of 
ourse there is a residual magneti
 �eld in our magnetsystem, but when measured with a gaussmeter it is found to be less than 1 Gauss for anyorientation. Also, the 
hange o

urred regardless of the premagnetized dire
tion. Thisseems to indi
ate that some of the magneti
 domains, in one or both of the layers, mayhave extremely low 
oer
ive �elds regardless of magneti
 �eld orientation.The low �eld hysteresis of the jun
tions was also tested. See �gure 3.13. The samplewas �rst magnetized in a high magneti
 �eld, and the magneti
 �eld was then s
anned.When the high resistan
e state was obtained in a �eld s
an, the s
an was reversed. Sampleswere found to maintain their high resistan
e state past the magneti
 �eld zero point. Whilenot totally symmetri
 the transition ba
k to the low resistan
e state o

urred at magneti
�elds similar in magnitude to those required to 
reate the high resistan
e state.
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Figure 3.7: Resistan
e vs. applied magneti
 �eld for a LSMO/STO/LSMOjun
tion at various temperatures. The jun
tion area was 10x10�m. The hetero-stru
ture had a top/middle/bottom layer thi
kness of 500�A/24�A/400�A respe
-tively. The magneti
 �eld was applied in the plane of the heterostru
ture (� = 0).The temperature dependen
e of this devi
e's TMR is shown in �gure 3.9. Arrowsin the 5K plot indi
ate �eld s
an dire
tion. Pi
tures in the 50K plot indi
atemagnetization states of the top and bottom LSMO �lms.



71

-200 -100 0 100 200

15

20

25

30

  

 

H (Gauss)

5K

20

30

40

50

  

 

 

50K

(LSL032904A_sml)

32

40

48

56

  

 

100K

 

38

40

42

44

 

 

 

R
J(

H
) (

kW
)

200K

Figure 3.8: Resistan
e vs. applied magneti
 �eld for a LSMO/STO/LSMOjun
tion at various temperatures. The jun
tion area is 10x10�m. The hetero-stru
ture had a top/middle/bottom layer thi
kness of 100�A/32�A/400�A respe
-tively. The magneti
 �eld was applied in the plane of the heterostru
ture (� = 0).The temperature dependen
e of this devi
e's TMR is shown in �gure 3.9. Arrowsin the 5K plot indi
ate �eld s
an dire
tion. Pi
tures in the 50K plot indi
atemagnetization states of the top and bottom LSMO �lms.
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Figure 3.10: Resistan
e vs. applied magneti
 �eld for a LSMO/STO/LSMOjun
tion with �elds applied at various out-of-plane angles. The angle, �, isrelative to the plane of the heterostru
ture. This jun
tion is the same as thatshown in �gure 3.7.



74

-10000 -5000 0 5000 10000

5

10

15

20

25

30

(LSL031004G_sml)

q = 90o

 

 

 

5K

H (Gauss)

-100 -50 0 50 100

5

10

15

20

25

30
q = 0o5K

 

 

 R
J(

H
) (

kW
)

Figure 3.11: Resistan
e vs. applied magneti
 �eld for a LSMO/STO/LSMOat 5K with �elds applied at 0o and 90o relative to the plane of the sample. Theangle, �, is relative to the plane of the heterostru
ture. This jun
tion is the sameas that shown in �gure 3.7. Note the s
ale of the magneti
 �eld axis.
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Figure 3.12: Zero �eld rotation of a premagnetized LSMO/STO/LSMO jun
-tion. The samples is s
anned from a high negative �eld to zero �eld at an initialangle, �i. Then, while holding at zero �eld, the sample is rotated to a di�erentangle, �f , and then the �eld s
an is 
ontinued. Noti
e the 
hange in resistan
ewhen the sample is rotated. A gaussmeter indi
ated the �eld present at an ap-plied zero magneti
 �eld was less than 1 Gauss for any angle. This sample isthe same as that presented in �gure 3.7.
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Figure 3.13: Low �eld hysteresis s
an for a LSMO/STO/LSMO jun
tion. Thesamples is s
anned from a high negative �eld until the �rst high resistan
e stateis rea
hed. Then the �eld s
an dire
tion is then reversed. This is the samejun
tion shown in �gure 3.7.



77While our jun
tions still do not display TMR above room temperature, the TMR persiststo as high a temperature (275K) as any jun
tion reported to date. The jun
tions also havethe se
ond largest TMR reported for LSMO/STO/LSMO jun
tions to date, surpassed onlyby the resear
h group headed by Fert [Bowen 2003, Jo 2000℄. However, in relation to Fert's,the 
ross se
tional area of our jun
tions is 4 to 5 times larger. No previous report 
ontainsthe long annealing times asso
iated with the jun
tions presented in this study. In fa
tSun[Sun 1997-2001, Sun 1998℄ and Bowen [Bowen 2003℄ 
laim the su

ess of their jun
tionshinge on their minimal exposure to heat during pro
essing.In a side experiment, a pre-measured jun
tion whi
h displayed a TMR of 200% at 50Kwas annealed at 450oC in 600 Torr of oxygen for another 6 hours. Little to no 
hangewas found in the TMR or resistan
e of this jun
tion. It is hard to say if this implies thejun
tions are oxygen saturated. After devi
e fabri
ation there is a top gold layer on thedevi
es whi
h would nullify any oxygen di�usion through the surfa
e. Where as, whensamples are annealed after deposition the surfa
e is open. In any 
ase, post-depositionheating does not seem to be a fa
tor in our jun
tion performan
e.Several interesting features were revealed in the resistan
e vs. temperature dependen
eof the jun
tions. A metal-insulator transition indi
ative of a ferromagneti
 transition ap-peared near 200K for most jun
tions. As mentioned before, parallel measurements of thetop and bottom LMSO indi
ated no transition below 300K (See �gure 3.6). The overallresistan
e of the jun
tions is dominated by the STO layer and the properties of the fewLSMO layers adja
ent to this layer. This seems to indi
ate a deteriorated LSMO layer ispresent at the STO/LSMO interfa
e. Park et al. [Park 1998℄ have shown that the surfa
eof a LSMO �lm has a redu
ed magnetization and spin polarization. This is possibly due toa lowered magneti
 intera
tion 
aused by the surfa
e termination.The deterioration of the LSMO at the STO interfa
e 
ould be due to strain, de�
ientoxygen, di�usion of strontium, or irregular termination. Fert et al. [Fert 2001℄ have found



78that the drop in transition temperature is not as abrupt for Co/STO/LSMO stru
tureswhi
h still provide a TMR, although small (� %5), above 300K. It is suggested that thetop STO interfa
e is primarily responsible for the redu
ed 
urie temperature seen in thejun
tions. In a HRTEM and STEM-EELS study by Pailloux et al. [Pailloux 2002℄ theSTO/LSMO(bottom) interfa
e is found to maintain it's bulk 
hara
teristi
s to within onelayer of the interfa
e and only a weak deterioration of the LSMO Curie temperature isobserved.Another feature of the resistan
e vs. temperature graphs is the large abrupt jumps inresistan
e for a zero �eld 
ooled sample (see �gure 3.14). These jumps are not brought aboutby the appli
ation of any magneti
 �eld. Possibly they are due to spontaneous magneti
domain motion. The �gure also shows the resistan
e 
urve with a 500 Gauss �eld applied inthe plane of the �lm. A 500 Gauss �eld is larger than any in plane 
oer
ive �elds of the topor bottom �lms. This is then the minimum of resistan
e vs. temperature for the sample.Also, a 
urve is shown in whi
h a high �eld (� 5000 Gauss) was applied in the plane of thesample at 50K and then slowly lowered to zero �eld before warming.
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Figure 3.14: Resistan
e vs. temperature for a LSMO/STO/LSMO jun
tion.Results are shown for various magneti
 states in
luding, 
ooling in an applied in-plane 500 Gauss magneti
 �eld, the initial unperturbeded zero �eld 
ooling, themaximum resistan
e values found in the standard TMR measurements, warmingin zero �eld after the sample had be pre-magnetized in the plane of the �lm witha high magneti
 �eld, zero �eld 
ooling after sample was warmed to 300K from5K demagnetized state, and two di�erent warmings after demagnetization at 5K.The di�eren
e between the highest and lowest resistan
e states at 5K indi
atea possible TMR of 817% whi
h is higher than the largest value found in all theTMR �eld s
ans (See �gure 3.9). This jun
tion is the same as that in �gure 3.7.



803.2.3 TMR Measurements in Demagnetized StateThe experimental te
hnique used in all the TMR measurements mentioned in se
tion 3.2.2,involved the initial appli
ation of a large magneti
 �eld to pla
e the top and bottom LSMOlayers of the jun
tion in a parallel state. For F-I-F jun
tion measurements this is the
ommon pra
ti
e. However, interesting e�e
ts were found for demagnetized jun
tions. Thesamples were demagnetized by os
illating the magneti
 �eld while exponentially de
reasingthe magnitude until it fell below the a
hievable step size.When the samples were demagnetized, the jun
tions took on a high resistan
e state inwhi
h the overall resistan
e was mu
h higher than that displayed in the TMR s
ans. Thejun
tion shown in �gure 3.7 of the previous se
tion 3.2.2 displayed a maximum resistan
e� 35 k
 in the 5K TMR s
an. The same jun
tion, demagnetized at 5K, yields a resistan
eof 60 k
 (see �gure 3.15). Demagnetization did not always yield this maximum resistan
evalue (60 k
), but 
onsistently yielded values larger than seen in the standard TMR s
ans.On
e this demagnetized state was a
hieved, it's resistan
e was higher than that found inthe TMR s
ans over the entire temperature range.As shown in �gure 3.18, whi
h is the same sample presented in the TMR s
ans of �gure3.8, the demagnetized state resistan
e 
an be several times larger than the peak resistan
ein the hysteresis s
an. If this high resistan
e state is used in 
onjun
tion with the lowresistan
e state (500 Gauss applied in-plane) to 
al
ulate the TMR at 5K, a value � 800%is found for the jun
tion shown in �gure 3.7 and � 400% for that shown in �gure 3.8. TheTMR % of these two jun
tions are 
ompared as a fun
tion temperature in �gure 3.9. Noti
ethat the jun
tion in whi
h the TMR de
reases to 100% at 5K in the standard s
ans, is thejun
tion for whi
h the demagnetized state 
ould yield a TMR of up to 400%.The demagnetized state was stable up to at least 100K. That is the sample 
ould bedemagnetized at 5K, then the temperature 
ould be raised to 100K, 
ooled to 5K again,



81and the initial resistan
e was re
overed. Also, the sample 
ould be demagnetized at 50K,and when 
ooled to 5K, attained the same high resistan
e value. When warmed to 300Kfrom the demagnetized state at 5K, and then re-
ooled the overall resistan
e was lower butremained mu
h larger than other zero �eld 
oolings. It seems the jun
tion has some memoryof it's low temperature state even when warmed above what appears to be a ferromagneti
transition. This shows the ferromagneti
 material separate from the STO interfa
e mostlikely has a transition temperature far abo
e that disolayed in the jun
tion R vs. T 
urves.The most interesting data was found for TMR measurements on demagnetized samples.See �gure 3.15. First the sample was demagnetized at 5K. When the demagnetization was
ompleted the sample was in zero magneti
 �eld. The resistan
e was then measured asthe �eld was slowly in
reased from zero. A large abrupt transition was was seen at 40Gauss. This transition was mu
h sharper and larger than that seen in the standard TMRmeasurements. A TMR s
an was then taken keeping the magnitude of the applied �eld� 80 Gauss. Sharp transitions with a maximum TMR � 476% were found. This TMR ismu
h larger than that found in the standard TMR s
ans. However, if the magneti
 �eldmagnitude was allowed to be
ome greater than 100 Gauss, the TMR drasti
ally de
reasedand the high resistan
e state 
ould not be re
overed in any way unless the sample wasdemagnetized again.The 
hanges in resistan
e in a �eld s
an after the sample had been pla
ed in a demag-netized state were up to � 50K
, with a width( �) on the order of 1 Gauss. Slopes of 40K
/Gauss, and TMR 
hanges of 200%/Gauss were measured in several jun
tions.Similar results were found at 50K, and yielded a TMR � 247%. Here again transitionsbetween the high and low resistan
e states were mu
h sharper ( � � 2 Gauss) than thosepreviously measured with the standard te
hnique. This e�e
t was also found in the jun
tionshown in �gure 3.8, and yield a TMR � 220%, whi
h is more than twi
e as large as thestandard measurement results.



82Hysteresis s
ans taken at 5K showed mu
h sharper swit
hing between high and lowresistan
e states. See �gure 3.16. The 
urve was mu
h sharper and more repeatable thanthose previously shown for high �eld initial states in �gure 3.13. This suggests the demag-netized state a
ts in some way mu
h more like a single domain, than the state 
reated bya high �eld.Unlike the high �eld magnetized samples, rotation in zero �eld did not produ
e any
hange in resistan
e. See �gure 3.12. For the 
orre
t �eld, in this 
ase 41 Gauss (whi
h sitsjust past the high to low transition), the sample produ
ed ni
e repeatable swit
hing whenrotated out-of-plane. See �gure demag3.Slon
zewski's model, given by equation 3.7, states that for an ideal jun
tion (singledomains) the highest resistan
e state is 
reated when the two ferromagneti
 layer haveopposite magnetization states (� = 180). Therefore, this large resistan
e state indi
atesthat a large per
entage of the domains between the top and bottom LSMO are oppositelyaligned when the sample is demagnetized in this fashion. Perhaps at low temperatures thereis a antiferromagneti
 interlayer ex
hange 
oupling whi
h 
ompetes to align the domains.Su
h 
oupling has been seen in F-N-F and F-I-F jun
tions and is based on the thi
kness ofthe N and I layers . Also, the lowest magneti
 energy state of the jun
tion would be foropposite domain orientation in the top and bottom LSMO layers. Perhaps the magneti
�elds of domains whi
h re-orient in-plane �rst during the demagnetization, in
uen
e thenearest neighbor domains of the other layer. The sharp swit
hing in low �eld hysteresis anda low �eld angular rotation seem to indi
ate the ferromagneti
 layers a
t mu
h more likesingle domains when pla
ed in the demagnetized state. This sharp repeatable swit
hing
ould be useful in future te
hnologi
al appli
ations, in not only CMR magneti
 tunneljun
tions, but magneti
 tunnel jun
tions in general. In any 
ase the high resistan
e stateis very interesting and to our knowledge has not been reported before for CMR tunnelingjun
tions.
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Figure 3.15: Resistan
e vs. applied magneti
 �eld for a LSMO/STO/LSMOjun
tion after demagnetization at 5K. The �eld was applied in the plane ofthe sample. This jun
tion is the same as that shown in �gure 3.7. (A) Thesample was initially demagnetized at 5K. The resistan
e was then measuredas the �eld was s
anned from 0 to 80 Gauss. The inset shows the 
urve inthe sharp transition region. (B) The �eld was s
anned from 80 Gauss aftermeasurement (A). Note, the �eld magnitude did not ex
eed 80 Gauss. Theresult 
ould be repeated as long as the �eld magnitude was < 80 Gauss. (C)The �eld was in
reased from 80 to 100 Gauss after measurement (B). The �eldwas then s
anned from 100 Gauss. Result (B) 
ould not be re
overed after thismeasurement.
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Figure 3.16: Hysteresis for a LSMO/STO/LSMO jun
tion after demagnetiza-tion at 5K. The �eld was applied in the plane of the sample. This jun
tion is thesame as that shown in �gure 3.7. The sample was initially demagnetized at 5K.The resistan
e was then measured as the �eld was s
anned from 0 to 41 Gauss,41 gauss to -41 gauss, and ba
k to zero. This 
urve was highly repeatable.
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e vs. Angle for rotation of a LSMO/STO/LSMO jun
-tion in a 
onstant magneti
 �eld after demagnetization at 5K. This jun
tion isthe same as that shown in �gure 3.7. The sample was initially demagnetized at5K at angle = 0o. Forward and reversed s
ans are shown. The s
an was startedat 0o.
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e vs. temperature for a LSMO/STO/LSMO jun
tion.Results are shown for warming after the sample had be magnetized in the planeof the �lm with a high magneti
 �eld whi
h was then slowly lowered to a zero�eld and warming after demagnetizing the sample with an applied perpendi
ular�eld at 5K. Note, the points indi
ate the a
tual data while the lines are thereto guide the eye. This jun
tion is the same as that in �gure 3.8. The di�eren
ebetween the highest and lowest resistan
e states at 5K indi
ate a possible TMRof 420% whi
h is mu
h higher than the largest value found in the hysteresis �elds
ans (See �gure 3.9).



873.2.4 I-V MeasurementsThe I-V 
hara
teristi
s of two jun
tions are shown in �gure 3.19, and of a single jun
tionin a high resistan
e demagnetized state in �gure 3.20. The IV 
urves show 
lear non-linear 
hara
teristi
s. The IV 
urves of the low and high resistan
e states were used to
al
ulate the TMR dependen
e on applied 
urrent. A distin
t de
reased in TMR is foundwith in
reasing bias 
urrent. The origin of this de
rease is not well understood. The IVresults were �t to the model of Simmons[Simmons 1963-64℄ in order to attain estimates ofthe insulating barrier height and thi
kness. This model assumes a re
tangular symmetri
barrier with similar ele
trodes. The 
urrent voltage relationship is given expli
itly as,J(V; t; �) = ����� qV2 �e�A(�� qV2 )1=2 � ��+ qV2 �e�A(�+ qV2 )1=2� (3.10)J is the 
urrent density, V is the voltage, q is the elementary 
harge (positive), and � is thebarrier height in energy. A and � are related to the barrier thi
kness by,� = q2�ht2 (3.11)and A = 4�th (2m)1=2: (3.12)For low voltages the equation 
an be expanded in powers of V . Negle
ting powers of O(V 5)or higher the equation yields, J(V; �; 
) = �V + 
V 3 (3.13)Where, �(t; �) = 12�qe�Ap�(Ap�� 2) (3.14)and 
(t; �) = 1192�q3e�Ap� A�3=2 (A2�� 3Ap�� 3) (3.15)



88(given by Sun [Sun 1998℄).Results for the thi
kness (t) and the barrier height (�) for the jun
tions in �gure 3.19are given in table 3.2 for low and high resistan
e states at di�erent temperatures. The�tting parameters � and 
 were determined with the 
omputer program Origin, whi
h usesa Levenberg-Marquardt �tting method. The thi
kness (t) and the barrier height (�) weredetermined with the 
omputer program Mathemati
a whi
h uses a Newton iteration to �nda numeri
al solution.Parameters obtained from a Simmons �tting are not de�nite for several reasons [Sun 1998,Moodera 1999℄. For a real jun
tion it is important to 
onsider, parallel shunts, impurities,imperfe
t non-uniform interfa
es, and degraded interfa
e properties. The Simmons modelis for an ideal barrier and does not in
lude the e�e
ts of any of these 
onditions. Therefore,one should be 
areful in the emphasis pla
ed in the parameters determined from the �ttings.
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Figure 3.19: Current vs. voltage for two LSMO/STO/LSMO jun
tions atvarious temperatures and resistive states. The magnetization state of the sampleis indi
ated by the arrows in plot B. The open points are the raw IV data andthe solid lines indi
ate a Simmon's model �t (I = aV + bV 3). (A) IV 
urves forthe devi
e in �gure 3.8. (B) IV 
urves for the devi
e in �gure 3.7.
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Figure 3.20: Current vs. voltage for two LSMO/STO/LSMO jun
tions atvarious temperatures and resistive states. The high resistan
e demagnetizedstate, the normal s
an high resistan
e state, and the low resistan
e state areshown. The open points are the raw IV data and the solid lines indi
ate aSimmon's model �t (I = aV + bV 3). The 
urves are from the same devi
e asshown in �gure 3.7.



91

-0.2 -0.1 0.0 0.1 0.2

5

10

15

20

 

25K

 

 

Voltage (V)

5

10

15

20

(LSL031004G_sml)

dI
/d

V 
(1

0-5
/W

)

5K

 

 

 

 Demag High
 Standard Scan High
 Low 

Resistance States

Figure 3.21: Condu
tan
e (dI/dV) vs. voltage for two LSMO/STO/LSMOjun
tions at various temperatures and resistive states. The high resistan
e de-magnetized state, the normal s
an high resistan
e state, and the low resistan
estate are shown. The 
urves are from the same devi
e as shown in �gure 3.7.
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Figure 3.22: TMR% vs. applied 
urrent for two LSMO/STO/LSMO jun
tionsat 50K. This data was 
al
ulated from the IV 
urves in �gure 3.19. The TMR%de
reases sharply for in
reasing 
urrent. (A) is the devi
e in �gure 3.7. (B) isthe devi
e in �gure 3.8.
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94Data from Simmons �tting equationTemp.(K) t (�A) � (eV) R stateSample (A)25 27.2 .324 low50 28.1 .308 low150 28.3 .327 low25 27.5 .345 high50 27.1 .359 high150 29.8 .301 highSample (B)5 29.9 .252 low25 29.7 .238 low50 29.5 .245 low150 26.5 .342 low5 32.3 .233 high25 32.4 .227 high50 29.4 .273 high150 29.8 .278 high5 33.1 .228 high (demag)25 33.3 .225 high (demag)Table 3.2: Cal
ulated tunneling barrier height � and thi
kness t by Simmonsequation �t for two LSMO/STO/LSMO tunnel jun
tions. Sample(A) had aestimated deposited STO thi
kness of 32�A. The jun
tion TMR and IV 
urvesare in �gure 3.8 and 3.19(A) respe
tively. Sample (B) had a estimated depositedSTO thi
kness of 24�A. The jun
tion TMR and IV 
urves are in �gure 3.7 and3.19(B) respe
tively. All values dsplayed were for an in-plane applied magneti
�eld. Out of plane measurements were found to yield similar values.



953.3 Anomalous angular TMR e�e
ts in LCMO/STO/LSMO tunnel jun
tionsLa0:67Ca0:33Mn03/SrTiO3/La0:67Sr0:33Mn03, LCMO/STO/LSMO, jun
tions were also 
re-ated and tested in this study. It is believed that these jun
tions are possible the �rst CMRjun
tions 
reated with di�erent top and bottom materials. LCMO thin �lms, is also aCMR material whi
h is qualitatively similar to LSMO. LCMO, however, has a mu
h lowerCurie temperature around 240K. The stru
tures were grown and patterned similarly tothe LSMO/STO/LSMO devi
es of the previous se
tion (3.2.1). The only di�eren
e was theLCMO �lms required a slightly higher oxygen pressure during their deposition (400 mTorr).Overall resistan
e of the devi
es was on the order of 10k
 whi
h was very similar to theLSMO/STO/LSMO devi
es (see �gure 3.26).A unique out of plane angular dependen
e was seen for this LCMO/STO/LSMO stru
-ture at 100K see �gure 3.24. Unlike the LSMO/STO/LSMO jun
tions, the 
hange inresistan
e of the jun
tion is dependent on the angle of the applied magneti
 �eld. At atemperature of 100K, a maximum TMR � 100% was found for angles 75 - 85o. However,the TMR at all other angles was less than 50%. At 225o the TMR was a as small as 15%.Oddly, the TMR angular dependen
e at 150K is almost nonexistent. Only a very slight
hange is seen in the magnitude of the TMR signal with angle. The results at di�erentangles are mu
h more symmetri
al.At 50K, the TMR signal disappears and the jun
tion be
omes noisy. See �gure 3.25. Itis not believed that the noise is brought about by poor Au 
onta
ts. A two point resistan
emeasurement of the devi
e shows a negligible di�eren
e to that of the measured jun
tion.Also, previous Au/LCMO devi
es have never shown any substantial 
onta
t resistan
e.Re
ently, Sanghamitra et al. have 
ondu
ted magnetization measurements onLCMO/LAO/LSMO �lms [Sanghamitra 2003℄. The measurements showed indi
ations ofspin 
anting below the transition temperature whi
h was � 220K. Also, below a blo
king



96temperature in the range of 50K - 100K indi
ations of domain freezing and formation ofantiferromagneti
ally ordered, near-degenerate spin 
lusters is seen. This may provide anexplanation of some of the e�e
ts seen in our tunnel jun
tions.These e�e
ts may also be due to the fa
t that the two ferromagnets have anisotropy axesthat are non-
ollinear. Jun
tions 
onstru
ted of two ferromagnets with di�erent easy axeshave a strong dependen
e on the dire
tion of the applied magneti
 �eld [Grigorenko 2003℄.LSMO grown on STO substrate has an easy magnetization axis in the plane of the �lm duetensile strain. LCMO, grown on STO also has an easy magnetization axis in the plane ofthe �lm. The latti
e 
onstant for LSMO is 3.87�A and the a-b latti
e 
onstant of LCMOis 3.81�A. This would suggest the LCMO grown on LSMO is subje
t to also tensile strain.Tensile strained LCMO would have a easy axis parallel to the sample plane. By thesearguments the anisotropy axis would be 
olinear. Note, the LCMO would at least be undermu
h more strain than the LSMO. Strain is found to be 
riti
al to the ele
tri
al propertiesof CMR thin �lms [Hu 2004℄, and may play a part in these anomalous e�e
ts.



97
10

12

14

16

18

20
100K

 

 

 

q = 0O

 

q = 45O

 

 

 

 

q = 75O

 

 

10

12

14

16

18

 

q = 82.5O

 

q = 85O

 
 

q = 95O

10

12

14

16

18

 

(LcSL061904A_sml)

q = 105O

R
J(

H
)(

kW
)

q = 180O

 

 
q = 225O

 

-1000 -500 0 500
9

10

12

14

16

18

 

 

q = 255O

-500 0 500

 

q = 285O

H (Gauss)
-500 0 500 1000

 

 

q = 315O
 

Figure 3.24: Resistan
e vs. applied magneti
 �eld for a LCMO/STO/LSMOjun
tion with �elds applied at various out-of-plane angles. The angle, �, isrelative to the plane of the heterostru
ture. The jun
tion dimensions are10x10 �m. The measurement 
urrent was 10�7 Amps. The jun
tion had atop/middle/bottom layer thi
kness of 300�A/32�A/400�A respe
tively.
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H (Gauss)Figure 3.25: Resistan
e vs. applied magneti
 �eld for a LCMO/STO/LSMOjun
tion with �elds applied at various out-of-plane angles. The angle, �, isrelative to the plane of the heterostru
ture. This is the same jun
tion as shownin �gure 3.24. Note, the temperatures, 150K and 50K, are as labeled.



99

0 50 100 150 200 250 300
0

5

10

15

20

25

30
 

 

R
es

is
ta

nc
e 

(k
W

)

Temperature (K)
(LcSL061904A_sml)Figure 3.26: Resistan
e vs. temperature for a LCMO/STO/LSMO jun
tion.The results shown are for a zero �eld 
ooling. This is the same jun
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Chapter 4Spin Di�usion Devi
es4.1 Introdu
tionThe idea of spin 
urrent was originally suggested by Mott who proposed that at temper-atures low with respe
t to the Curie temperature, most s
attering events would not e�e
tthe orientation of an ele
trons spin [Mott 1936℄. In ferromagnets, the band stru
tures ofthe up and down spins are di�erent. Therefore the 
ondu
tivities for spin-up and spin-downele
trons are generally di�erent.Aronov proposed that when a 
urrent was passed from a ferromagnet into a normalmetal, a net magnetization 
ould be imposed [Aranov 1976℄. In a ferromagnet, one spinsubband holds a majority of the available states at the Fermi energy, EF . Only ele
tronswithin � kBT of EF will parti
ipate in transport. Therefore the 
urrent inje
ted from aferromagnet 
arries with it net polarization or spin 
urrent IM . Some ferromagnets are
onsidered to be half metalli
, in whi
h all 
urrent is 
arried in one spin 
hannel. Aronovshowed through a di�usion model that this spin 
urrent would 
reate a magnetization, ~M ,in the normal metal whi
h falls o� exponentially with a 
hara
teristi
 length Æs, su
h that,~M / e�x=Æs : (4.1)Æs is related to a 
hara
teristi
 relaxation time T2 by the di�usion equation,ÆS = (DT2)1=2; (4.2)100



101where D is the ele
tron di�usion 
onstant.In 1988, Johnson and Silsbee proposed and 
reated a novel ferromagneti
 devi
e, knownas the bipolar spin swit
h, whi
h 
ould measure this di�usion length[Johnson 1988a, 1988b, 1988
, Johnson 1992, Johnson 1995℄. Johnson and Silsbee's devi
e
onsisted of a three layer ferromagnet-normal metal-ferromagnet (F-N-F) thin �lm hetero-stru
ture. See �gure 4.1.
N1

2
s

Figure 4.1: S
hemati
 of a bipolar spin swit
h devi
e. Current (I) is inje
tedfrom the base ferromagnet (F1) to normal metal (N1). The spin voltage (Vs)is measured between the ferromagnet pad (F2) and normal metal pad (N2).[Hersh�eld 1997℄The bottom ferromagneti
 layer (F1) was used to inje
t a spin polarized transport
urrent (Iinj) into the middle normal metal (N1). The top ferromagnet (F2) is patternedinto a small 
onta
t. A small normal metal 
onta
t (N2) is also made dire
tly to (N1).Voltage (Vs) is monitored between the top F2 and N2 
onta
t. While under the in
uen
eof the inje
tion 
urrent, a 
hange in voltage is seen when the F1 and F2 have parallel andanti-parallel magnetization states.Using a free ele
tron metal and a simple Stoner ferromagnet, the voltage arising betweenthe two top 
onta
ts 
an be related to the spin di�usion length. When a 
harge 
urrent(Ie) is inje
ted from F1 into N1, it 
arries with it an asso
iated spin 
urrent whi
h 
an be



102expressed as , IM = �1�e Ie; (4.3)where � is the Bohr magneton, e the 
harge of an ele
tron, and �1 is the intrinsi
 polarizationof the 
urrent in F1 (�1 � 1, See equation 3.1). After the polarized spins enter N1, theyrandomize with a 
hara
teristi
 time of T2.If N1 is thin enough, d < Æs, then the non-equilibrium magnetization 
an be 
onsideredto be uniformly distributed over the volume Ad and is given as,~M = IMT2Ad ; (4.4)where A is the 
onta
t area between F1 and N1. Careful 
onsideration of the transfer lengthbetween F1 and N1 should be taken into a

ount when determining the area (A) to be used.See 
hapter 5 for more details on transfer length.
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Figure 4.2: (a) position dependen
e of the ele
tro
hemi
al potential �" and �#at a normal metal (N) half metalli
 ferromagnet (HMF) interfa
e. The dashedline represents the ele
tro
hemi
al potential without a nonequilibrium 
urrentdistribution. [van Son 1987℄ (b) Splitting of the spin-up and spin-down Fermienergies in the normal metal N when a spin polarized 
urrent is inje
ted fromferromagnet F1. For simpli
ity F1 and F2 are half metalli
. Depending on themagnetization orientation of F2 it experien
es the 
hemi
al potential E+F or E�Fyielding the voltage di�eren
e �Vs. [George 2003℄Due to the inje
ted spin, N1's spin-up and spin-down 
hemi
al potentials will 
hange.



103In the 
ase of inje
ted up spins, the 
hemi
al potential of the spin-up band in
reases, and tomaintain 
harge neutrality, the 
hemi
al potential of the spin-down band de
reases. SupposeF1 and F2 have the same magnetization dire
tion, and the Fermi level of F2 lies primarilyin the spin-up band. When the 
hemi
al potential in the spin-up band of N1 in
reases,the 
hemi
al potential (Fermi level) in F2 will rise with it, sin
e no 
urrent 
ows betweenN1 and F2. However, while the spin-up 
hemi
al potential in N2 will similarly rise, N2'sspin-down band will de
rease as N1's does. Therefore the average 
hange of the 
hemi
alpotential in N2 remains un
hanged relative to N1's at the interfa
e. Therefore, a voltage,Vs, will arise between F2 and N2 simply due to the imposed magnetization in N1. Whenthe magnetization dire
tion of F1 and F2 are opposite, an opposite voltage will developto that argued above. This theory was also proposed by van Son et al. [van Son 1987℄ atroughly the same time as Johnson and Silsbee.Johnson and Silsbee have derived a relation between the measured voltage VS and theimposed magnetization ~M using thermodynami
 arguments. The solution 
an be 
an bearrived at by 
onsidering a simple physi
al argument. ~M 
an be thought to impose amagneti
 �eld ~M=�, where � is the Pauli paramagneti
 sus
eptibility. � ~M=� is the Zeemanenergy of a single spin in the magneti
 �eld. The di�eren
e in energy of a single ele
tronin the parallel and anti-parallel 
ases is then,eVs = �2� ~M=�; (4.5)where �2 is the polarization of F2. This equation 
ombined with the exponential dependen
egiven by equation 4.1 shows that by in
reasing the thi
kness of N1 and measuring the
oresponding de
rease in Vs a dire
t measurement of the di�usion length Æs 
an be made.Combining IM , ~M , Vs, the di�usion equation 4.2, and the free ele
tron expression for� = �2N(Ef ) = �2 3n2EF , where n is the density of 
ondu
tion ele
trons, a resistan
e 
an be



104de�ned su
h that , Rs � VsIe = �1�2Ad T2EF1:5ne2 = �1�2Ad �Æ2s (4.6)In the se
ond form Einstein's relation for resistivity � = 1=e2DN(EF ) is used.Fitting the thi
kness dependen
es of their derived expressions to measured data, Johnsonand Silsbee were able to estimate the spin di�usion length and relaxation time in gold �lmsto be Æs = 1.5 �m and T2 � 1 � 10�11se
 at 4K. When the theoreti
al equations are usedto dire
tly predi
t the measured voltage, the 
al
ulations yield voltages that are 10 to 40times smaller than those a
tually measured. Johnson a

redits this to simpli�ed expressionfor �, variations 
aused by interfa
e resistan
e, and other possible spin 
ipping events.Several more detailed theoreti
al interpretations of Johnson's spin dete
tion devi
e havebeen put forth by Fert and Lee [Fert 1997a, Fert 1997b, Fert 2002℄,Hersh�eld and Zhao [Hersh�eld 1997℄, and Valet and Fert [Valet 1993℄. These models arederived from Boltzman transport equations and take into a

ount spin relaxation thattakes pla
e inside the inje
tion ferromagnet and the role of surfa
e resistan
e at the ferro-magnet/normal metal interfa
e. However, when the ferromagnet is half metalli
, that isthere is only one spin subband present at the Fermi level, and the 
onta
t resistan
e betweenthe two F-N interfa
e is small, these more 
omplex models redu
e to forms whi
h are similarto Johnson's 
lassi
al result. LSMO is 
onsidered by many theoreti
al and experimentalresults to be half metalli
, and the 
onta
t resistan
e between the YBCO/LSMO is small.Therefore, Johnson's model 
an be 
onsider in the modeling of results presented in thisstudy.Re
ently, other spin inje
tion and dete
tion devi
es have been tested. Jedema et al.have found rather 
onvin
ing results from nanofabri
ated Co/Al 
ross strip stru
tures[Jedema 2001-03℄. Co leads are deposited on a Al bridge at di�erent separations. A thinAl2O3 layer is made between the Co and Al by exposing the Al bridge to oxygen. The spinresistan
e Rs is measured by inje
ting 
urrent from a Co lead into the Al strip and measur-



105ing the voltage between a neighboring Co lead and the Al strip. By varying the distan
ebetween the leads a determination of the spin di�usion distan
e 
an be made. These devi
esalso provide results at room temperature. At 300K, Æs = 350nm, and at 4.2K, Æs = 650nm.In these devi
es it was also possible to modulate the Rs signal by applying a perpendi
ularmagneti
 �eld to a sample whi
h had been premagnetized in an in-plane state (parallel oranti-parallel). The modulation arises from the pre
ession of the spins in the perpendi
ular�eld. Of 
ourse, at large enough �elds the 
oer
ive �elds of the Co leads are over 
ome, butuntil that point a 
lear pre
essional e�e
t is seen.Jedema et al. have performed similar experiments in a 
ross like stru
ture of Cu/Ni80Fe20[Jedema 2001-03℄. The spin depth in Cu was determined to be 1000nm at 4.2K, and 350nmat 293K. George et al. have also 
reated a nanofabri
ated devi
e using a Cu/Co stru
turewhi
h showed spin dete
tion e�e
ts.Jedema and Fert have been 
riti
al of Johnson's results stating that the measured volt-ages are too large when s
aled up from their devi
es and must be due to other e�e
ts.Johnson has 
laimed that Jedema's interpretation of their experimental results may be
awed [Johnson 2002℄. In any 
ase, a well established agreement on spin dete
tion experi-ments and theory has not been rea
hed. There has never been any previous appli
ation ofJohnson's spin dete
tion devi
e to perovskite CMR materials or high-T
 super
ondu
tingmaterials.The devi
e measured in this study is similar to the devi
e shown in �gure 4.1, howeverthe 
urrent is extra
ted through the top of N1, and F1 is lo
ated in all the spa
e belowN1. Our devi
e is basi
ally identi
al to Johnson and Silsbee's, but is signi�
antly smallerin dimension. The voltage measured was perpendi
ular to the inje
ted 
urrent as shown.This was done in order to redu
e large voltages due to longitudinal resistan
e. However,any 
ross voltage produ
ed by the bottom ferromagnet and middle normal metal will mayalso be present in the measurement. ferromagnets have several 
ross voltages whi
h display



106memory e�e
ts. Normal, anomalous, and planar hall e�e
ts all 
ause voltages whi
h 
ouldbe present in the measurement. Re
ent experiments have shown that there 
an be a sizeablein-plane hall voltage in F/N systems whi
h Johnson did not 
onsider in his system. Also,due to small lead misalignment a dire
t resistan
e voltage 
ould also be present whi
hdisplays magnetoresistive and anomalous magnetoresistive e�e
ts.The normal hall e�e
t is present in many materials. Charges in a 
urrent are diverted bya perpendi
ularly applied magneti
 �eld yielding a voltage perpendi
ular to both the 
urrentand the �eld. The anomalous or extraordinary hall e�e
t (AHE) is found in many ferro-magneti
 materials and arises due to the intera
tion of the 
urrent with the magnetizationof the sample itself. However, these e�e
ts are found to require �elds that would be mu
hgreater than those supplied by the internal magnetization. To date, there is no agreed uponfull theoreti
al explanation, but the origins of the e�e
t are believed to be due to skew-s
attering and side-jump me
hanisms [Kondo 1962, Giovannini 1971℄. The hall resistivity
an be modeled as �H(B;T ) = R0(T )B + �0RS(T )M(B;T ); (4.7)where M(B;T ) is the magnetization, R0(T ) and RS(T ) are the normal and anomalous Hall
oeÆ
ients respe
tively, and B is the applied magneti
 indu
tion [Smith 1929℄. In ferro-magnets, Rs in many 
ases is mu
h greater than Ro. In LSMO, memory e�e
ts are displayedat low �elds in these type of hall measurements [Chen 1999℄.The Planar hall e�e
t, sometimes referred to as the psuedo-hall e�e
t (PHE), is a trans-verse voltage that arises when a anisotropi
 magnetoresistan
e (AMR) is present in ferro-magnet [M
Guire 1975℄. AMR manifests itself as a 
hange in resistan
e dependent on orien-tation of the magnetization relative to the measurement 
urrent. For a thin ferromagneti
�lm lying in the x-y plane, with a 
urrent, j, dire
ted along the x-axis, the ele
tri
 �eldsprodu
ed are given by,



107Ex = j�? + j(�k � �?)
os2�; (4.8)Ey = j(�k � �?)sin�
os�; (4.9)where the magnetization of the single domain sample is at angle � with respe
t to thex-axis, and �k and �? are the resistivity when the 
urrent and magnetization are paralleland perpendi
ular respe
tively. It should be noted, that the magnetization and 
urrent arein-plane and most studies are done with �elds applied in-plane.
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Figure 4.3: Giant planar hall e�e
t in (Ga,Mn)As. The dimensions refer tothe width of the measured bridge. The longitudinal resistan
e, R, is also shownfor the 100 �m bridge. [Tang 2003℄When s
anned in a magneti
 �eld, abrupt 
hanges in domain orientation 
an 
ause theplanar hall e�e
t to exhibit swit
h-like memory e�e
ts. Re
ently Tang et al. found whatthey have 
oined as "giant" planar hall e�e
ts (GPHE) in the ferromagneti
 semi
ondu
-tor (Ga,Mn)As [Tang 2003℄. See �gure 4.3. (Ga,Mn)As has biaxial magneto
rystallineanisotropy. The magnetization reversal therefore o

urs in two 90o steps. When the 
ur-rent path lies between these two 
rystalline orientations the 90o rotations 
ause swit
h-likee�e
ts similar to magneti
 tunnel jun
tions. In the 
ase of (Ga,Mn)As the swit
h is fourorders of magnitude greater than that previously found in metalli
 ferromagnets, hen
e the
onnotation of giant.
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Figure 4.4: Giant planar hall e�e
t in La0:84Sr0:16MnO3. This data was takenat 120K with an angle of 10o between the 
urrent and the magneti
 �eld. Arrowsindi
ate s
an dire
tion and easy axis magnetization dire
tions. [Bason 2004℄Giant planar hall e�e
ts have also re
ently been found in the CMR ferromagnetLa0:84Sr0:16MnO3 whi
h is very similar to the La0:66Sr0:33MnO3 used in this study [Bason 2004℄.See �gure 4.4. La0:84Sr0:16MnO3 has biaxial magneto
rystalline anisotropy just as the be-fore mentioned (Ga,Mn)As. The di�eren
e (�k � �?) for swit
hing events was on the orderof 103 �
-
m.
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Figure 4.5: Diagram of the plane of rotation of the applied �eld, H, withrespe
t to the �lm plane. The interse
tion of the rotation plane and the �lmplane makes and angle � with the dire
tion of the applied 
urrent (x-axis). Therotation plane is tilted at an angle � to the perpendi
ular z-axis. [Ogrin 2000℄Ogrin et al. have measured the planar hall e�e
t with out-of-plane applied mag-neti
 �elds to investigate the perpendi
ular anisotropy of thin ferromagneti
 Co �lms[Ogrin 2000℄. Ogrin points out that when a �eld is applied out-of-plane to a �lm thereis always an un
ertainty to it's in-plane and perpendi
ular 
omponents relative to an axisde�ned by the 
urrent. See �gure 4.5. Thus even at a perpendi
ular �eld orientation thereis a small in-plane 
omponent.



110Thin ferromagneti
 �lms have large perpendi
ular demagnetization �elds, Hd, whi
hmust be over 
ome in order to magnetize a �lm out-of-plane. (That is unless the perpendi
-ular anisotropi
 �eld is large enough, in whi
h 
ase the �lm has an out-of-plane easy axis.LSMO/STO has a in-plane easy axis.) See equation 3.9 in se
tion 3.2.2. For �elds smallerthan the demagnetization �eld, the magnetization will 
hoose a in-plane orientation. Asmentioned, the slightly misaligned perpendi
ular applied magneti
 �eld will provide a in-plane 
omponent. Depending on in-plane anisotropies, the magnetization orientation mayfollow this in-plane 
omponent. This is an important 
onsideration for LSMO thin �lms.

Figure 4.6: Voltage vs. angle and magneti
 �eld for planar hall e�e
ts in a Cothin �lm. The magneti
 �eld in the angular measurement was 460 Oe. The solidline is a energy model �t of the raw data (
ir
les). The voltage vs. magneti
 �eldgraphs are for out-of-plane angular orientations of 85o (upper) and 95o (lower).[Ogrin 2000℄The Co �lms studied by Ogrin have an out of plane anisotropy, but the in-planeanisotropies are weak. A planar voltage measurement taken for a varying out-of-planeangle at a 
onstant applied �eld that is lower than the demagnetization �eld is displayedin �gure 4.6. Ogrin has �t these 
urves well with a magneti
 energy model. The in-planemagnetization is found to rotate with the in-plane �eld 
omponent providing the planar hallsignal. Field s
ans at 
onstant 85o and 95o orientations are shown in 4.6. The voltage jumpsindi
ate a 180o magnetization reversal. Note these measurements show a simple symmetry



111de�ned by the in-plane 
omponent of the applied �eld. LSMO has in-plane anisotropiesde�ned by its 
rystal axis. At low �elds, rotation and reversal of the magnetization will bee�e
ted by these anisotropies.



112Interesting swit
hing behavior has also been seen in (Ga,Mn)As/Al2O3/Au (F/I/N)jun
tions by Gould et al. [Gould 2004℄. The jun
tion is not a F-I-F jun
tion and thereforeany swit
hing is a manifestation of magnetization reversal within the ferromagneti
 layeritself. By applying in-plane magneti
 �elds the jun
tion resistan
e shows a hysteresis thatswit
hes between high and low resistan
e states. (See �gure 4.7.) This is proposed to be dueto the anisotropies in the (Ga,Mn)As density of states brought about by the orientation ofthe magnetization relative to the 
rystal anisotropies. The positive-negative state swit
hingis very symmetri
 as shown in �gure 4.7.
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Figure 4.7: Resistan
e vs. Field for a (Ga,Mn)As/Al2O3/Au (FIN) jun
tion.The angle � is relative to the in-plane 
rystal axis (100). The polar graphindi
ates the high (grey) and low resistan
e states. [Gould 2004℄



113These planar hall e�e
t and F/I/N jun
tion results show that many anomalous e�e
ts areseen in ferromagneti
 materials, and heterostru
tures whi
h in
lude ferromagneti
 materials.These e�e
ts 
an be 
omplex to interpret and may be in
luded in any voltage we measurewith our spin di�usion measurement.4.2 Devi
e and Measurement4.2.1 Devi
e Geometry and Fabri
ationLSMO/YBCO/LSMO Spin di�usion dete
tion were 
reated and tested in this study. Theheterostru
tures were grown in situ by PLD on STO substrates using the parameters pre-sented in 
hapter 2. In this study two di�erent YBCO thi
knesses were investigated, 500�Aand 1000�A. The top and bottom LSMO layers were 400�A and 500�A respe
tively. Afterdeposition, the samples were qui
kly removed from the PLD 
hamber and pla
ed in anevaporator to deposit a 350�A thi
k top gold layer. Time between the ex situ move from thePLD va
uum 
hamber to the evaporation va
uum 
hamber was kept at a minimum (<5minutes). It has been found that small ex situ times have a negligible e�e
t on the 
onta
tresistan
e between gold and LSMO 
ompared to those made in situ [Chen 2001℄.The explanation of the pro
ess whi
h follows is depi
ted in �gure 4.8. First, the basestru
ture was formed by patterning the sample with photolithography and ion millingthrough the entire heterostru
ture using a 300 volt Ar ion beam. The top ferromagneti
pad photoresist pattern was applied, and the top LSMO layer was initially milled with the300V beam to within 150�A of the YBCO layer. The �nal 150�A of the LSMO and 50�A of theYBCO was milled away using a 100V ion beam to minimize surfa
e damage of the YBCO.A 300�A layer of gold was then DC sputtered in situ onto the exposed YBCO layer. Allphotoresist was removed from the devi
e and another 1500�A of gold was deposited over theentire stru
ture. Then the sample was annealed at 450o for 1 hour in 600Torr of oxygen.



114The low voltage ion milling, in situ gold sputtering, extra 1500�A of gold, and annealing inoxygen was 
ru
ial for the formation of a low resistan
e gold/YBCO 
onta
t. See se
tion2.8.2 for more details.The top gold layer was then patterned into separate gold 
onta
ts via a wet et
hingpro
ess with a dilute mixture of TFA gold et
h to water of 2:1 by volume. The dilute TFAmixture et
hed approximately 5000�A of gold in 30 se
onds, and had no e�e
t on eitherYBCO or LSMO layers. The YBCO layer was then patterened into the measured areawith a wet et
h pro
ess using a dilute mixture of nitri
 a
id to water of 1:400 by volume.Typi
ally to et
h 500 � 1000�A of YBCO took 10 � 15 se
onds. The nitri
 mix has little tono e�e
t on the LSMO. Sili
on dioxide, SiO2, was then RF sputtered to allow gold 
onta
tsto rea
h 
entral regions of the devi
e without shorting to lower layers. The SiO2 was usually3000-4000�A thi
k or at least thi
k enough to overtake any step by 1000�A. A very thin Crlater (� 30�A) was deposited on top of the SiO2 to promote adhesion of the to-be-depositedgold leads. Finally, a 6000-5000 �A gold layer was DC sputtered and patterned with a theTFA wet et
h pro
ess already mentioned to make the �nal gold 
onta
ts. The Cr wasalso wet et
hed away with a pur
hased Cr et
hant in order to prevent shorting of the goldleads. Cr et
hant will damage YBCO, however, at this point in the pro
ess all the YBCOis prote
ted by SiO2 and Au.All PLD, ion milling, and sputtering were done with 
onditions provided in 
hapter2. Dimensions of the devi
e are given in �gure 4.8. The main measurement was madeby applying the inje
tion 
urrent between the large LSMO pad to the large YBCO pad,and measuring the voltage between the top two Au and LSMO pads. Voltage 
urrentmeasurements were done in the same way as those mentioned in se
tion 2.10 and se
tion3.2.1. The samples was measured in the same 
ryostat/magnet system as des
ribed inse
tion 3.2.1.
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Figure 4.8: A s
hemati
 of the di�usion measurement devi
e fabri
ation pro-
ess. All PLD, ion milling, and sputtering were done with 
onditions providedin 
hapter 2. The width of the bottom LSMO layer was 200�m. The area ofthe middle YBCO region was 160 x 100�m. The area of the top Au and LSMOvoltage pads was 35 x 35�m. The area of the top Au 
urrent pad was 90 x 90�m.The voltage leads were 
ush against the edge of the YBCO region, 20�m fromthe Au 
urrent pad, and had a 12�m gap between them.
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Figure 4.9: A s
hemati
 of the di�usion measurement devi
e used in this study.Current was applied between the bottom LSMO (F1) layer and the large topAu pad in
onta
t with the middle YBCO (N1) layer. A top LSMO (F2) padwas used to dete
t any spin overpopulation present in the YBCO. The small topAu pad (N2) atta
hed to the YBCO is used as a ground relative to F2. N2 andF2 are arranged perpendi
ular to the 
urrent path to minimize any longitudalsignal. The measured voltage is referred to as the dete
tion voltage. A resitan
eis 
al
ulated by dividing the dete
tion voltage by the inje
ted 
urrent. Thedevi
e fabri
ation pro
ess is shown in �gure 4.8.4.2.2 Data and Dis
ussionThe LSMO/YBCO/LSMO spin di�usion dete
tion devi
es were measured in this study.The devi
e is depi
ted in �gures 4.1, 4.8, and 4.9. Current was inje
ted from the bottomLSMO to the top YBCO. The top LSMO was patterned into a pad and used to dete
tany spin population in the YBCO. A top gold pad was used as a ground relative to LSMOpad, and the voltage was measured between them re�ered to in this study as the dete
tionvoltage. This 
on�guration is almost identi
al to that used by Johnson and Silsbee in theirbipolar spin transistor [Johnson 1988a, 1988b, 1988
℄. A resistan
e is presented in the datawhi
h is the measured dete
tion voltage divided by the inje
ted 
urrent.



117The devi
es were measured in several di�erent �eld-
urrent orientations. Measurementswere taken for the magneti
 �eld applied in-plane as well as out-of-plane. In the out-of-plane
ase the �eld and 
urrent form a plane that is perpendi
ular to the surfa
e of the sample.Data was taken for a 
onstant applied �eld and a 
hanging angle as well as for a 
on-stant angle and s
anned �eld. The results for a LSMO/YBCO/LSMO (400�A/500�A/500�Arespe
tively) devi
e at 100K are shown in �gures 4.11 - 4.16.The resistan
e, dete
tion voltage/inje
ted 
urrent, for �elds applied at various in-planeangles is shown in �gure 4.10 and 4.14. A hysteresis signal was seen with a 
hange inresistan
e � 1 m
. This 
hange in resistan
e is the spin resistan
e, Rs, given in equation4.6. Sharp swit
hing was seen between high and low resistan
e states. The signal was seento sharpen and invert in passing through 90o (where the 
urrent is perpendi
ular to the�eld). There is a ba
kground resistan
e signal � 0.2 
 in the measurement whi
h may bedue to a longitudinal resistan
e 
reated by a slight misalignment of the top Au-LSMO pads.
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Figure 4.10: Resistan
e vs. applied magneti
 �eld for a LSMO/YBCO/LSMOspin di�usion devi
e. Data is shown for �elds applied at various in-plane angles.The resistan
e is equal to measured dete
tion voltage devided by the inje
ted 
ur-rent. The thi
kness of the LSMO/YBCO/LSMO layers was 400�A/500�A/500�Arespe
tively. The magneti
 �eld dire
tion, �, is relative to the 
urrent path in-di
ated in the devi
e. The temperature was 100K. The inje
tion 
urrent was1x10�2 Amps.



119The resistan
e, dete
tion voltage/inje
ted 
urrent, for �elds applied at various out-of-plane angles is shown in �gures 4.11 - 4.13 and 4.14. A hysteresis signal is seen yielding aspin resistan
e, Rs � 1 m
. An inversion of the hysteresis signal was seen in the di�usiondevi
e at 180o, while no inversion is shown at 0o. These results yielded an unusual symmetrynot seen in the magneti
 devi
e measurements mentioned in the previous se
tion 4.1. Allmeasurements were taken in the same run and the sample was never removed betweenmeasurements. The signal inversion seems to take pla
e between two resistan
e states. See�gure 4.13. This swit
hing shows an odd similarity to the F/I/N jun
tions results presentedby Gould et al. in the se
tion 4.1 [Gould 2004℄.
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Figure 4.11: Resistan
e vs. magneti
 �eld for a LSMO/YBCO/LSMO spindi�usion devi
e. The displayed data is for �elds applied at various out-of-planeangles. The resistan
e is equal to measured dete
tion voltage devided by theinje
ted 
urrent. The magneti
 �eld dire
tion, �, is relative to the plane of theheterostru
ture and is parallel to the inje
tion 
urrent at 0o. The temperaturewas 100K. The inje
tion 
urrent was 1x10�2 Amps. This is the same sample asthat shown in �gure 4.10.
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Figure 4.12: Resistan
e vs. magneti
 �eld for a LSMO/YBCO/LSMO spindi�usion devi
e. The displayed data is for �elds applied at various out-of-planeangles. The resistan
e is equal to measured dete
tion voltage devided by theinje
ted 
urrent. The magneti
 �eld dire
tion, �, is relative to the plane of theheterostru
ture and is parallel to the inje
tion 
urrent at 0o. The temperaturewas 100K. The inje
tion 
urrent was 1x10�2 Amps. This is the same sample asthat shown in �gure 4.10.
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Figure 4.13: Resistan
e vs. magneti
 �eld for a LSMO/YBCO/LSMO spindi�usion devi
e. Data is shown for �elds applied at various out-of-plane angles.The resistan
e is equal to measured dete
tion voltage devided by the inje
ted
urrent. The magneti
 �eld dire
tion, �, is relative to the plane of the hetero-stru
ture and is parallel to the inje
tion 
urrent at 0o. The temperature was100K. The inje
tion 
urrent was 1x10�2 Amps. Note, the high-low swit
hingbehavior near 90o, and between 45o and 135o. There is no swit
hing behaviorbetween 225o and 315o. This is the same sample as that shown in �gure 4.10.



123The dete
tion voltage was also measured for the rotation of the sample in a 
onstant�eld. See �gure 4.14. Results are shown both in-plane and out-of-plane rotation. Verysharp swit
hing is seen at low �elds with little to no hysteresis due to the dire
tion of theangle s
an.
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Figure 4.14: Cross resistan
e vs. angle for a LSMO/YBCO/LSMO spin di�u-sion devi
e in a 
onstant applied magneti
 �eld. The magneti
 �eld dire
tion,�, is relative to the plane of the heterostru
ture and is parallel to the inje
tion
urrent at 0o. The resistan
e is equal to measured dete
tion voltage devidedby the inje
ted 
urrent. The temperature was 100K. The inje
tion 
urrent was1x10�2 Amps. This is the same sample as that in �gure 4.10. The arrows in theout-of-plane 100 Gauss s
an indi
ate the s
an dire
tion.



125The dete
tion voltage in the di�usion devi
e is found to disappear around 25-50K. Thisis assumed to be due to the full onset of super
ondu
tivity in the YBCO layer. Twopoint resistan
e measurements between the 
urrent leads of the sample showed 
lear dips inresistan
e in this temperature range. Given that no signal is seen for these low temperaturesa few statements 
an be made about the di�usion of spin in the super
ondu
ting state ofYBCO. Perhaps the spin di�usion length is greatly redu
ed in the super
ondu
ting state ofYBCO. Also, the spin di�usion signal may be smaller than the thi
kness of the YBCO inour devi
es.
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Figure 4.15: Resistan
e vs. magneti
 �eld for a LSMO/YBCO/LSMO spindi�usion devi
e. Data is shown for parallel 
urrent and �eld at various tem-peratures. The resistan
e is equal to measured dete
tion voltage devided bythe inje
ted 
urrent. The inje
tion 
urrent was 1x10�2 Amps. This is the samesample as that shown in �gure 4.10. Note the redu
tion in the ba
kground signalwith de
reasing temperature.



127Measurements were taken using the two top gold leads of the di�usion devi
e to measurevoltage and the bottom and top LSMO leads for 
urrent. Here one would expe
t no spinsignal sin
e the leads are simply both normal metals. However the 
urrent path in this
on�guration is 
omplex. Hall and resistan
e signals may be mixed, and the relation of the
urrent dire
tion to the �eld orientation is hard to determine. In any 
ase, some hysteresisis still seen in this 
on�guration. It maybe that the anomalous hall and magnetoresistan
ee�e
ts given by the bottom LSMO layer are present and are at least as large as the signalsgiven from the standard spin di�usion measurement. However, swit
hing between the topan bottom LSMO layers may 
hange 
urrent distributions in the heterostru
ture and 
reatea 
hange in the voltage signal measured my the to Au leads.
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Figure 4.16: Gold-to-gold resistan
e vs. magneti
 �eld for aLSMO/YBCO/LSMO spin di�usion devi
e. Data is shown for a voltage mea-surement between the two Au/YBCO pads with 
urrent applied from the bottomto the top LSMO pads. Fields were applied at various out-of-plane angles. Theresistan
e is equal to measured voltage devided by the inje
ted 
urrent. Themagneti
 �eld dire
tion, �, is relative to the plane of the heterostru
ture and isparallel to the inje
tion 
urrent at 0o. The temperature was 100K. The inje
tion
urrent was 1x10�2 Amps. This is the same sample as that shown in �gure 4.11.



129A sample with a 1000�A YBCO barrier, whi
h is similar to the previously mention devi
ein all other respe
ts, was also measured. The devi
e showed similar results although thetransitions between the high and low resistan
e states no as well de�ned. Also, the posi-tive/negative hysteresis 
ipping was not seen in the same orientaions as the 500�A sample.
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Figure 4.17: Resistan
e vs. magneti
 �eld for a LSMO/YBCO/LSMOspin di�usion devi
e. The thi
kness of the LSMO/YBCO/LSMO layers are400�A/1000�(A)/500�A respe
tively. Data is shown for �elds applied at variousout-of-plane angles. The resistan
e is equal to measured dete
tion voltage dev-ided by the inje
ted 
urrent. The magneti
 �eld dire
tion, �, is relative to theplane of the heterostru
ture and is parallel to the inje
tion 
urrent at 0o. Thetemperature was 100K. The inje
tion 
urrent was 1x10�2 Amps.



131The 
ross voltage as well as the resistan
e of a test LSMO sample was also measured.The LSMO was 400 �A thi
k and was patterned into a 10 �m wide bridge. This sample wasmeasured in all the 
onditions mentioned previously for the L/Y/L samples. The resultsfor measurements made at 100K are displayed in �gures 4.19 - 4.21. This measurement wastaken to provide insight into any signals whi
h maybe mixed with the spin voltage measuredin the spin di�usion devi
es.The in-plane results for the di�usion devi
e and the 
ross voltage of the test LSMOsample, �gure 4.19, were found to be very similar. For �eld s
ans taken at 
onstant anglesit was likely that the memory e�e
ts of the di�usion devi
e were a produ
t of the planarhall e�e
t from the LSMO layer. The 
onstant �eld measurements yielded a very similarsignal to those reported for LSMO by Bason et al. (see se
tion 4.1). However, LSMO�lms deposited on STO substrates have an in-plane easy axis. In the di�usion devi
es, thein-plane 
oer
ive �elds of the top and bottom LSMO may be very small and 
lose and therotation of the domains may o

ur within a very small �eld range making any spin di�usionsignal diÆ
ult to see.
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Figure 4.18: Cross resistan
e vs. applied magneti
 �eld for a patterned singlelayer LSMO thin �lm. Data is shown for �elds applied at various in-plane angles.The �lm was patterned into a 10�m wide bridge. The magneti
 �eld dire
tion,�, is relative to the 
urrent path indi
ated in the devi
e. The temperature was100K. The measurement 
urrent was 1x10�3 Amps.



133The out-of-plane measurements made on the di�usion devi
es displayed noti
eable dif-feren
es from the LSMO test samples. An inversion of the hysteresis signal was seen in thedi�usion devi
e at 180o, while no inversion is shown at 0o. For the LSMO test sample thisinversion is not seen. Also the magniutde of the 
hange in resistan
e does not 
hange withangle as in the di�usion devi
e.
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Figure 4.19: Cross resistan
e vs. magneti
 �eld for a patterned single layerLSMO thin �lm. Data is shown for �elds applied at various out-of-plane angles.The �lm was patterned into a 10�m wide bridge. The magneti
 �eld dire
tion, �,is relative to the plane of the heterostru
ture and is parallel to the measurement
urrent at 0o. The temperature was 100K. The measurement 
urrent was 1x10�3Amps.



135The longitudinal resistan
e measurements for in-plane and out of plane applied �elds donot resemble the di�usion devi
e results. Also the hysteresis e�e
ts are very small and are amu
h smaller per
entage of the over all signal than the signal to ba
kground measurementin the di�usion devi
es.
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Figure 4.20: Resistan
e vs. magneti
 �eld for a patterned single layer LSMOthin �lm. Data is shown for �elds applied at various out-of-plane angles. The�lm was patterned into a 10�m wide bridge. The magneti
 �eld dire
tion, �, isrelative to the plane of the heterostru
ture and is parallel to the measurement
urrent at 0o. The temperature was 100K. The measurement 
urrent was 1x10�3Amps.
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Figure 4.21: Resistan
e vs. magneti
 �eld for a patterned single layer LSMOthin �lm. Data is shown for �elds applied at various in-plane angles. The �lmwas patterned into a 10�m wide bridge. The magneti
 �eld dire
tion, �, isrelative to the 
urrent path indi
ated in the devi
e. The temperature was 100K.The measurement 
urrent was 1x10�3 Amps.



138It is diÆ
ult to say whether the displayed results for the LSMO/YBCO/LSMO devi
eare 
aused by spin di�usion e�e
ts or not. It appears there are obvious anomalous hall e�e
tsignals mixed into the result. In su
h a 
omplex stru
ture as this, it is extremely diÆ
ultto separate the two. Also, while the 1000�A and 500�A YBCO devi
es, display di�erenthysteresis 
urves, their magnitudes are not in
redibly di�erent. Therefore obtaining spindi�usion lengths from a distan
e dependen
e �tting does not seem possible.If we take a slightly naive approa
h and assume that the signal measured in the 500�Adevi
es is totally due to spin di�usion, we may make a rough estimation of the di�usionlength using equation 4.6. At the very least, we 
an estimate an upper bound for the spindi�usion distan
e in YBCO.A spin resistan
e Rs of 1.5 m
 is given at 100K (see �gures 4.12 and 4.12. A 
onservativeestimate of the polarization of the inje
tion 
urrent at 100K 
an be obtained from theLSMO/STO/LSMO jun
tion data in 
hapter 3 and is roughly �1 = �2 = :6 (see �gure 3.9).The thi
kness of the YBCO, d, was 500�A and the width of YBCO layer, w, was 100 �m.The area of the inje
tion region, A, is equal to the width (w) times the transfer length (l).When 
urrent runs between two parallel layers, the 
urrent will transfer from the higherto the lower resistive material over a 
hara
teristi
 distan
e know as the transfer length.For low 
onta
t resistan
es, most 
urrent will transfer from one layer to the other within ashort distan
e. We will 
onsider the total length of the YBCO layer was 160 �m (l1) anda shorter more realisti
 tranfer length of 1 �m (l2). (See se
tion 5.2.5 in 
hapter 5 for a
omplete dis
ussion of transfer length.) The resistivity of YBCO at 100K is approximately2x10�4
� 
m as given in 
hapter 2.For l1 = 160�m the spin di�usion length Æs � 1�m. For l2 = 1�m the spin di�usionlength Æs � 0:1�m. For polarizations of 100%, the spin di�usion length is 0.7 �m for l1and .07 �m for l2. In either 
ase the distan
e is rather long. In a theoreti
al paper, QimiaoSi estimated the spin di�usion length in YBCO to be on the order of 0.1 �m [Si 1996℄ in



139the normal state. It appears this estimated distan
e falls within the upper bound 
reatedby our study. It may be within the rea
h of e-beam lithography te
hniques to 
reate ameasurable in-plane spin di�usion devi
e. In any 
ase the attempt to 
reate su
h a devi
e
annot be dis
ouraged by our data.



Chapter 5Criti
al Current Suppression Inje
tion Devi
es5.1 Introdu
tion5.1.1 Controllable Weak Links and Quasi-parti
le inje
tion devi
esThe �rst experimental three terminal super
ondu
ting devi
e with a signi�
ant gain was
reated by Wong et al. [Wong 1976-77℄. The design and premise of the devi
e was simple.A bottom tin, Sn, bridge 10�m in width and 600 to 1000�A thi
k interse
ted a 5 �m widetop bridge of lead, Pb (see �gure 5.1). The temperature was lowered until the Sn bridgebe
ame super
ondu
ting (at whi
h point the Pb bridge was also super
ondu
ting). Currentwas then transported, or inje
ted (IInj), from the Pb to the Sn and the 
riti
al 
urrent ofthe Sn bridge was measured. This devi
e was referred to as a 
ontrollable weak link or"CLINK". Quasiparti
les arriving from the Pb 
reated a non-equilibrium state in Sn. Inthis way the 
riti
al 
urrent of the Sn 
ould be 
ontrolled by the inje
ted 
urrent from thePb. A gain, G = ��I
�Iinj ; (5.1)of about 20 at a temperature of 2K was 
reated in these devi
es.The results were found to be modeled well by Parker's T� model [Parker 1975℄. Themodel assumes that the imposed non-equilibrium 
reates an elevated temperature, T�, forthe phonons above the energy gap 2�, of the super
ondu
tor. The phonons below the gap140
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Figure 5.1: S
hemati
 of 3 terminal 
ontrollable weak link (CLINK).[Wong 1997℄remain at the bath temperature T. This model is di�erent from a simple heating model inwhi
h all the phonons are at the same elevated temperature. The properties of the non-equilibrium super
ondu
tor quasiparti
le distribution are then provided by the same BCSequations with the adjusted temperature T� in pla
e of the bath temperature T. Parker'smodel assumes that phonons within the super
ondu
tor are more likely to be reabsorbedby the super
ondu
tor with the 
reation of a quasiparti
le pair than they are to es
ape thesuper
ondu
tor. It also assumes the time required for quasiparti
les to thermalize with thelow energy phonons (< 2�) is large 
ompared to their re
ombination time.With an in
reased temperature T�, the number of quasiparti
les in the super
ondu
torquasiparti
le distribution would in
rease. Due to 
harge neutrality, the number of 
ooperpairs would de
rease, thereby de
reasing the 
riti
al 
urrent. Parker's model gives thesuper
ondu
tor gap dependen
e on the quasiparti
le density,�(nqp)�(0) �= 1� 2nqp4N(0)�(0) ; (5.2)where nqp is the quasiparti
le density, N(0) is the single-spin density of states in the super-
ondu
tor, �(nqp) is the perturbed energy gap, and �(0) is the equilibrium gap at T = 0.The 
riti
al 
urrent is proportional to the super
ondu
ting gap, JC / �. This shows thegap de
reases as the quasiparti
le density in
reases, thereby de
reasing the 
riti
al 
urrent.Another popular non-equilibriummodel is provided by Owen and S
alapino [Owen 1972℄.



142In this model rather than a in
reased temperature, a new 
hemi
al potential, ��, is appliedthe BCS equations. This model assumes the opposite of Parker's in that, the time requiredfor quasiparti
les to thermalize with the low energy phonons (< 2�) is small 
ompared totheir re
ombination time. The quasiparti
les then maintain the bath temperature T anda 
onstraint on the number of quasiparti
les gives rise to the additional 
hemi
al potential��. The modi�ed quasiparti
le distribution would give rise to a de
rease in 
riti
al 
urrent,similar to that of Parker's model mentioned above.The redu
tion of the order parameter de
reases mu
h faster than the predi
tion ofParker's model. A �rst order transition to the normal state is predi
ted fornqp > 0:6N(0)�(0) (5.3)In either 
ase, Parker or S
alapino, a de
rease in the order parameter is 
reated by thequasiparti
le inje
tion, and in turn a redu
tion of the 
riti
al 
urrent.When 
urrent is inje
ted into a super
ondu
tor a non-equilibrium population of quasi-parti
les, Æqp, is 
reated over a �nite region [Gim 2001℄.Æqp = Jinj�effed ; (5.4)where Jinj is the inje
ted 
urrent density, �eff is the e�e
tive quasiparti
le re
ombinationtime, e is the ele
tron 
harge, and d is the thi
kness of the perturbed region. If the super-
ondu
tor is thin enough, d is the thi
kness of the �lm.Combining equations 5.4 and 5.2 yields [Gim 2001℄,d�dJinj �= ��eff2eN(0)d : (5.5)Both the non-equilibrium quasiparti
le density and the suppression of the gap with inje
tionare linearly dependent on �eff . The quasiparti
le re
ombination time, �r, de
reases expo-nentially at lower temperatures due to the exponential de
rease in the number of available



143quasiparti
les to pair with [Dynes 1978℄.�r �= �0��(T )kT �1=2e�(T )kT ; (5.6)where �0 is the 
hara
teristi
 relaxation time related to the ele
tron-phonon 
ouplingstrength, and k is Boltzman's 
onstant. This 
ombined with equations 5.5 and 5.2 predi
tsthat the gain of a quasiparti
le inje
tion devi
e should in
rease with de
reasing temperature.That is if the e�e
ts are pres
ribed to quasiparti
le inje
tion.In 1987, with the invention of high T
 super
ondu
ting materials, experiments in super-
ondu
ting three terminal quasiparti
le inje
tion devi
es, also known as "QPIDs", wererevisited with hopes of 
reating a high gain devi
e at temperatures above the liquid nitro-gen temperature of 77K. Theoreti
ally, high T
 super
ondu
tors are not found to be welldes
ribed by BCS theory and 
urrently remain unresolved. Also, the 
riti
al 
urrent of highT
 materials is generally dependent on 
ux pinning, and it's detailed dependen
e on theorder parameter is unknown. Generally one assumes, the 
riti
al 
urrent is related to theorder parameter, J
 / �, di
tated by Ginsburg-Landau theory. Thus the suppression ofthe order parameter given by BCS non-equilibrium quasiparti
le inje
tion arguments is atleast qualitatively 
orre
t.A good review of early YBCO QPID results 
an be found in [Mannhart 1996℄. Lowtemperature experiments were �rst 
arried out by Kobayashi et al. with aluminum 
ross-strip on YBCO and ErBCO [Kobayashi 1989℄. A 
urrent gain of � 5 -7 was found at4.2K.Boguslavskij et al. tested the �rst YBCO inje
tion devi
e at high temperature[Boguslavskij 1994℄. The devi
e 
onsisted of a Au or Au/PBCO inje
tion pad on YBCO.A gain of �2 was found at 65K in the Au/YBCO stru
tures.In 1994, Igu
hi et al. also tested a Au/MgO/YBCO 
ross strip quasiparti
le inje
tiondevi
e, a
hieving a gain of � 1.2 at 4.2K.
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Figure 5.2: S
hemati
 of a quasiparti
le inje
tion devi
e. The YBCO bridgewas 8-20�m wide and 800�A thi
k. The Au and PBCo were 300�A an 0-400�Athi
k respe
tively. [Boguslavskij 1994℄More re
ent quasiparti
le inje
tion experiments on YBCO have be performed. S
hnei-der et al. found gains up to 15 at 81K in 
ross strip devi
es 
onsisting of Au/STO/YBCOheterostru
tures [S
hneider 1999℄. But more re
ently, Mor�an et al. from this same grouppublished an ex
ellent paper for similar Au/STO/YBCO devi
es [Mor�an 2003℄. Taking 
ur-rent addition and heating into a

ount Moran estimated a possible gain 
aused by quasi-parti
le e�e
ts of 3.5 at 77K, and experimentally obtained a gain of 5 at 77K. This resultwill be returned to later.In these 
ross-strip devi
es 
urrent summation e�e
ts were a

ounted for in the mea-surement of gain. A good explanation of 
urrent summation 
an be found in Boguslavskijet al. [Boguslavskij 1994℄. Consider a 3 terminal quasiparti
le inje
tion experiment. Oneatta
hes a 
urrent sour
e to their sample and applies a test 
urrent. With no inje
tion
urrent applied, one �nds a voltage appears at the appli
ation of a positive test 
urrentwith an amplitude jI+t j and a negative 
urrent with an amplitude jI�t j. The 
riti
al 
urrent,I
(0), is then 
al
ulated as I
(0) = jIt+j+ jIt�j2 : (5.7)When one applies an inje
tion 
urrent and repeats the above experiment, one �nds a



145voltage appears at the appli
ation of a positive test 
urrent with amplitude jI 0+t j and anegative test 
urrent with amplitude jI 0�t j. One might be in
lined to 
al
ulate the 
riti
al
urrent, I
(Iinj), in the same way as above. This 
al
ulation is ina

urate however.This 
an be seen by 
onsidering the maximum 
urrent amplitude present in the super-
ondu
ting bridge, jImax+ j, when the inje
tion 
urrent and the test 
urrent are applied inthe same dire
tion.It is easily seen the 
urrents add together at the edge of the inje
tion region yielding,jImax+ j = jI 0t+j+ jIinj j.
Figure 5.3: S
hemati
 of 
urrent summation in 3 terminal devi
e.Noti
e this 
urrent is not the same as what you would read on your test 
urrent sour
e!The maximum 
urrent amplitude present in the super
ondu
ting bridge when the test
urrent is applied opposite to the inje
ted 
urrent is simply what is measured, jImax� j =jI 0t�j. This yields an a
tual 
riti
al 
urrent of,I
(Iinj) = jI 0t+j+ jI 0t�j2 + jI 0inj j2 (5.8)We de�ne the measured 
riti
al 
urrent given by the test 
urrents when a inje
tion 
urrentis imposed as, I�
 (Iinj) = jI 0t+j+ jI 0t�j2 (5.9)The mistake many published experiments make is to 
al
ulate the gain of their devi
e,de�ned as, G � �ÆI
=ÆIinj (5.10)



146using only the test 
urrents, and not taking 
urrent summation into e�e
t. This results ina in
orre
t gain (G*) 
al
ulation of ,G� = � [I�
 (Iinj)� I
(0)℄(Iinj � 0) = �(I
(Iinj)� I
(0))=(Iinj) + 1=2 (5.11)Noti
e an extra fa
tor of 1/2 is added to what should be the a
tual gain. Therefore a gainof up to 1/2 
an be measured in a inje
tion devi
e, even when no non-equilibrium e�e
tsare present. In the 
ase of more 
omplex inje
tion 
urrent geometries the o�set to the gain
aused by inje
tion 
an vary due to the inje
ted 
urrent distribution in the measured region.This is espe
ially important to 
onsider when there is a distin
t possibility of inje
ted 
urrentbeing delivered outside the measured 
riti
al 
urrent region. Also, when di�erent insulatingbarriers and materials are used in su
h devi
es it 
an be hard to pre
isely dis
riminatebetween results. This error will be noted in the review of 
ertain spin inje
tion devi
es inthis se
tion.5.1.2 Spin Inje
tion Criti
al Current Suppression Devi
esIn 1993, interest in super
ondu
ting three terminal devi
es was again revitalized with the're'-dis
overy of ferromagneti
 
olossal magnetoresistan
e materials [Helmolt 1993℄[Chahara 1993℄. These materials were found to have a high degree of spin polarization (see
hapter 3), and their perovskite 
rystal stru
ture made them 
ompatible with the high-T
super
ondu
ting oxides. An inje
ted 
urrent with a spin polarization 6= 0 has been suggestedto have a larger e�e
t on the 
riti
al 
urrent than the usual quasi-parti
le inje
tion. Thepossible te
hnologi
al appli
ations of high gain super
ondu
ting devi
es above the liquidnitrogen temperature of 77K spurred the investigation of su
h devi
es.The premise of in
reased gain due to spin inje
tion, aside from the standard quasiparti
leinje
tion e�e
ts, was based on the following 
on
ept. Suppose a ferromagnet is in 
onta
twith a super
ondu
tor. (Often a thin insulating barrier is pla
ed between them to prevent



147Andreev re
e
tion and the proximity e�e
t from 
ompli
ating the intera
tion.) If a voltageis applied between the ferromagneti
 and the super
ondu
tor, ele
trons will travel fromthe ferromagnet into the super
ondu
tor (or vi
e versa). In a BCS theory framework, thesuper
ondu
tor 
arries 
urrent via a 
ondensate of 
ooper pairs (
harge 2e). Cooper pairs
onsist of a spin up and a spin down ele
tron and pair due to an attra
tive potential broughtabout by intera
tion with the ion latti
e. At an energy gap of 2� above the 
ooper pair
ondensate, single ele
tron states, known as quasiparti
les, exist in a Fermi distribution.The net spin orientation of the quasiparti
les in the Fermi distribution is neutral. A super-
ondu
tor is therefore a spin neutral entity, that is it has just as many up spins as down spins.Quasiparti
les of opposite spin 
an pair via an intera
tion with a phonon and relax into the
ondensate. An equilibrium is 
reated for a given temperature between the 
ondensate andquasiparti
le states.A ferromagnet on the other hand has a surplus of spins aligned in a dire
tion di
tatedby its' magneti
 axis. A split is 
reated in the up and down spin energy bands. At the Fermilevel one spin orientation has more available states in relation to the other. Due to thisimbalan
e an ele
tri
al 
urrent in a ferromagnet also 
arries with it a net spin polarizationknown as a 'spin 
urrent'. When a 
urrent is delivered from a ferromagnet to a super-
ondu
tor a surplus net spin is inje
ted into the super
ondu
tor. Hen
e, the term 'spininje
tion'.Quasiparti
les have a lifetime Ts inside a super
ondu
tor, after whi
h they pair andde
ay into the 
ooper pair 
ondensate. With an applied spin inje
tion, one spin bran
h ofthe quasiparti
le distribution, i.e. the up spin, is over populated. Thus there is a de
reasedprobability that two quasiparti
les will form a 
ooper pair simply be
ause the availablepairs of ele
trons with opposite spins is diminished. With no down spin ele
tron to pairwith, inje
ted quasiparti
les have an additional lifetime, Tspin. This time 
orresponds tothe time in whi
h a up spin quasiparti
le s
atters into a down spin state at whi
h point it



148would a
quire the normal quasiparti
le lifetime due to the ample supply of up spins to pairwith. Tspin, maybe quite a bit longer than the normal quasiparti
le life time be
ause thereare not many available s
attering pro
ess to 
ip spin. The most a

essible me
hanism isthe spin-orbital intera
tion in whi
h the spin intera
ts with a pseudo-relativisti
 magneti
�eld it per
eives from the ele
tri
 �eld of ion latti
e. Also, spins may s
atter o� of magneti
impurities. Due to the inje
ted spins extended lifetime inside a super
ondu
tor, a quasipar-ti
le bottlene
k would be 
reated in whi
h the quasiparti
le distribution is over populatedin 
omparison with it's unperturbed state. Due to 
harge neutrality, the overpopulation ofthe quasiparti
le distribution must 
orrespond to a de
rease of the number of 
ooper pairs,and in turn the 
riti
al 
urrent of the super
ondu
tor.Extended spin lifetimes 
ould allow for far rea
hing e�e
ts due to di�usion. Whilea super
ondu
tor s
reens ele
tri
 �elds from its interior by setting up 
ompeting surfa
e
urrents, it has no known me
hanism for s
reening out a spin imbalan
e. A unbalan
ed spin
urrent 
ould then di�use throughout a super
ondu
tor within the quasiparti
le population.It has been found by Abrikosov et al. that metalli
 super
ondu
tors doped with evensmall amounts of magneti
 impurities show a dramati
 redu
tion in 
riti
al 
urrent[Abrikosov 1961℄. This e�e
t is believed to be due to an in
reased pair breaking e�e
t
aused by the lo
al moments of the impurities. This e�e
t has also been, seen when theCu site of the 
opper oxide super
ondu
tor Bi2Sr2CaCu2O8+Æ is doped with Fe, Ni, and Zn[Hedt 1994℄.In 1997, Vas'ko et al. suggested that a highly polarized 
urrent inje
ted into a super-
ondu
tor may 
ause 
ooper pair breaking in a qualitatively similar manner to a super-
ondu
tor doped with magneti
 impurities. For this reason spin inje
ted from a ferromagnetinto a super
ondu
tor may have an appre
iable measurable e�e
t on the 
riti
al 
urrent ofa super
ondu
tor.The �rst, rather 
rude, YBCO spin inje
tion 
riti
al 
urrent suppression devi
e was



149presented by Vas'ko et al. [Vas'ko 1997℄. The devi
e 
onsisted of a bottom unpatternedLa0:67Sr0:33MnO3 layer, a middle insulating layer La2CuO4, and a top pattered bridge ofDyBa2Cu3O7 (DBCO) with a T
(0) � 70K.

Figure 5.4: S
hemati
 of spin inje
tion IC suppression devi
e with unpatternedinje
tion layer. The DBCO bridge was 300�m wide. The substrate was 6x6mm.The DBCO/LCO/LSMO heterostru
ture layers were 400�A/24�A/600�A respe
-tively. [Vas'ko 1997℄Current was inje
ted by applying it to the bottom LSMO layer in various orientationsrelative to the DBCO bridge. See �gure 5.4 for a s
hemati
 of the devi
e. The assumptionwas made that the inje
tion 
urrent would enter the super
ondu
tor due to the low resistan
eshort it 
reated. No 
urrent summation e�e
ts were taken into a

ount in this study. Anin
reasing gain of 0.5 - 1 was found for the 
orresponding temperature range of 60 - 40K.But below 40K, the gain remained equal to 1.A 
ontrol experiment was performed in whi
h a bare DBCO bridge had a layer of golddeposited over the top. Current was inje
ted from the gold to the DBCO in the samemanner as previously mentioned. This was done to 
ompare the suppression e�e
ts 
ausedby random spin oriented quasiparti
le inje
tion to those of the proposed highly spin orientedinje
tion. In this 
ase the gain was found to be � 0.1 at 60K, whi
h was signi�
antly lessthan LSMO inje
tionGim et al. raised several 
riti
isms to this experiment, aside from not taking 
urrent



150summation into a

ount [Gim 2001℄. One is the la
k of an in
rease in gain below 40K, wherethe previously mentioned theoreti
al models of non-equilibrium super
ondu
tivity point toan in
rease of gain with de
reasing temperature.Another major 
riti
ism had to do with 
urrent transfer length. When a metal layer,su
h as the LSMO, is in 
onta
t with a super
ondu
ting layer, su
h as the YBCO, 
urrenttransfers from one to the other as an exponential de
ay with a transfer length LT . Thistransfer length is given by a transmission line model [Berger 1972, Gim 2001℄ as,LT = s r
Rsq 1=2; (5.12)where r
 is spe
i�
 
onta
t resistan
e between the metal and the super
ondu
tor, and Rsqis the square resistan
e of the metal layer. The transfer length gives a good estimation ofthe region most dire
tly e�e
ted by inje
ted 
urrent. This model is dis
ussed in more detailin se
tion 5.2.Estimates of transfer lengths for Va'sko's devi
e were on the order of 1 �m while thewidth of the devi
e bridge was 300�m. Also, the 
ontrol sample made with gold as theinje
ting layer would have largely di�erent transfer lengths due the di�erent square resis-tan
e and 
onta
t resistan
e for the material. Therefore it is very diÆ
ult to draw relevant
on
lusions from the 
omparison of the spin inje
tion and the 
ontrol sample.Numerous alternate spin inje
tion experiments followed with a variety of results. Thefollowing are some of the more popularly referen
ed of the initial reports.Almost simultaneously to Va'sko et al., Chrisey et al. produ
ed a three terminal devi
e
onsisting of a bottom bridge 
onsisting of a 200 nm thi
k YBCO strip with a 50 nm topgold layer, and two 
ross-strip top bridges, one of gold and one of Ni0:8Fe0:2 [Chrisey 1994℄.The gold on top of the YBCO is seen as a spin transparent 
hemi
al barrier to preventproximity and 
hemi
al e�e
ts 
aused by dire
t 
onta
t of the permalloy. A larger gain (�10) was found in one sample for the ferromagneti
 inje
tion as 
ompared to the Au 
onta
t
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tion (� 5). A small per
entage of other samples showed a similar di�eren
e thoughnot as large. For most samples however little di�eren
e was seen between the to di�erents
enarios! No 
urrent summation was taken into e�e
t, and test 
urrents were rather highbeing on the order of 100mA. In general the 
on
lusions were not very 
onvin
ing.Dong et al. 
reated a parallel inje
tion devi
e, seen in �gure 5.5, 
onsisting of eithera metalli
 LaNiO3 (LNO) or a ferromagneti
 Nd:7Sr0:3MnO3 (NSMO) bottom layer, aninsulating LaAlO3 (LAO) middle layer, and a top YBCO layer (with Au deposited for
onta
ts) [Dong 1997℄. All three layers were patterned into a single strip with varyingwidths of 20-250�m. The top YBCO layer was then et
hed away on either end and fourgold leads were patterned on the surfa
e. Current was inje
ted into the YBCO by applyinga 
urrent between the bottom layer and one of the gold leads on the top YBCO surfa
e.Criti
al 
urrent was measured via a four point measurement using the four top leads.

Figure 5.5: S
hemati
 of 4 terminal spin inje
tion IC suppression devi
e.[Dong 1997℄A gain of 1.4 was observed for the NSMO devi
e, as 
ompared to a gain of .09 for the



152LNO devi
e with the same LAO barrier thi
kness. For all devi
es, the NSMO provided again 10 - 30 times larger than the LNO. A gain as large as 5 at 74K was measured withthe NSMO devi
e. It should be noted that no 
urrent summation e�e
ts were taken intoa

ount in this study. The total power density 
aused by the inje
ted 
urrent, 
al
ulatedas PInj=J2R1A (where R1 was the jun
tion resistan
e, J the inje
ted 
urrent density, andA the 
ross-se
tional area), was � 2 W/
m2.This power density was 
laimed to be insuÆ
ient to 
ause enough temperature 
hange to
reate the e�e
ts. Often an upper bound of 3700 W/
m2 is used. Joose made this estimate[Mannhart 1996℄ based on an experiment by Shi et al. [Shi 1993℄ in whi
h a 50 �m YBCObridge was opti
ally radiated with a laser pulse train for varying times. Several early spininje
tion papers make referen
e to this result. But there are not many other reasons givento ex
lude heating from the devi
e gain.Gim et al. also 
riti
ized Dong's study due to the issue of transfer lengths [Gim 2001℄.See equation 5.12. Estimations made by Gim using values provided in Dong's study yielda larger transfer length for the LSMO samples rather than the NSMO sample. With thedis
repan
y in transfer length, a larger gain would be expe
ted in the LSMO samples dueto quasiparti
le inje
tion regardless of spin e�e
ts. Also, sin
e 
urrent transfers from thebottom metalli
 layer to the top super
ondu
tor over a �nite width whi
h was less than thetotal length of the devi
e, using the entire area of the YBCO to 
al
ulate power densitywould yield a gross under estimation. This error is made in almost all the YBCO spininje
tion studies to date. However, aside from some ambiguities, Dong's experiment is oneof the better spin inje
tion studies made to date.Stroud et al., from the Navel Resear
h Laboratory (NRL), found a gain of 35 at 77Kin YBCO/STO/LSMO 
ross strip 3 terminal devi
e [Stroud 1998℄. The devi
e 
onsisted of1000�A LSMO 100�m wide bottom bridge, with a 400�A STO barrier and a 1000�A YBCO100�m wide top 
ross strip. The devi
e had a 
riti
al 
urrent of 100mA at 77K and was



153suppressed to �30mA with a 2.5mA inje
tion 
urrent. The e�e
t of heating was simulatedby running 
urrent through the bottom LSMO without inje
ting it. A gain of 6 was foundin that 
on�guration. Current summation was not taken into a

ount, although it 
ouldonly a

ount for a 0.5 gain.Stroud's study is often quoted as having the highest gain. However, as pointed out byGim et al. the determination of the 
riti
al 
urrent is made by extrapolating the roughlylinear region of the measured V-I 
urves in the 1 mV votage range to zero. This mostlylinear region is asso
iated with vortex motion and there was 
learly dissipation below thedetermined 
riti
al 
urrent values. The a
tual value of the 
riti
al 
urrent 
ould be ordersof magnitude below the reported values. Also, the thi
kness of the STO barrier (400�A) isfar beyond and barrier width normally asso
iated with the tunneling region.In another paper from the same group at NRL by Koller et al. published at roughlythe same time (1998) a signi�
ant doubt is pla
ed on Stroud's results [Koller 1998℄. Theresistan
e of YBCO/STO/LSMO interfa
e was given as 3 K
. 22 mWatts of power were
laimed to be dissipated in the substrate at higher inje
tion 
urrents. But, most importantly,in this paper the 
laim was made that when devi
es were made with ex
eedingly better�lm qualities (Better T
(0) for YBCO, better ferromagneti
 transition temperature for theLSMO � 300K) the devi
es then showed little to no gain! While this group is widelyreported as attaining the highest gain, the physi
al pro
ess it is obtained by is very mu
hin doubt by their own admission.Yeh et al., in 1999, tested a perpendi
ular spin inje
tion devi
e 
onsisting of a YBCOstrip atop a LSMO or LNO plane with barriers of YSZ and STO of varying thi
kness inbetween. Current was inje
ted by passing a 
urrent through the LSMO layer perpendi
ularto the top YBCO strip and extra
ting that 
urrent through one of the YBCO test 
urrentleads. A pulsed 
urrent was used to minimize heating. The 
urrent pulse width used was200 �se
 in length. Currents applied for longer amounts of time yielded larger gains whi
h



154were attributed to heating. Small gains near T
 of about 1 were found for the LSMOstru
ture while no gain was found for the LNO stru
tures with similar inje
ted 
urrents.Yeh's devi
es were, however, rather large. The YBCO strip was 2 x 6 mm in size, withthe bottom LSMO equal to the size of the substrate 6 x 6 mm! The transfer length forsu
h devi
es would provide an inje
ted region � 1% as noted by Gim [Gim 2001℄. Evenif suppression was 
aused by di�usion of spin throughout the super
ondu
ting region, the
arrier di�usion 
onstant in YBCO is on the order of a few 
m2/s. Therefore the inje
ted
urrent would have to at least be applied for 2ms in order to allow enough time for the largedevi
e are to be 
ompletely e�e
ted. This is far beyond the time of the pulsed 
urrent timepresented.A few other spin inje
tion devi
es have been reported with varying degrees of gain. Gold-man et al. [Goldman 2001℄, the same group that published the Va'sko et al [Vas'ko 1997℄results above, found a maximum gain of 1.3 at 2K in a La0:67Ba0:33MnO3/DyBa2Cu3O7devi
e. LBMO was the top layer in this devi
e, and was patterned with ion milling into a10 x 20 �m inje
tion region. The 
riti
al 
urrent of the bottom layer was then measuredwith inje
tion. There was no mention of 
urrent addition being taken into a

ount. Also,there was no insulating barrier in this experiment.Plausinaitiene et al. [Plausinaitiene 2001℄ reported gains of � 3 in devi
es similar tothose of Wei et al [Wei 1997℄. However devi
e size is in the order of millimeters with LSMOand YBCO �lm thi
knesses of 2000 �A.Also, Sakar et al. reported di�eren
es in inje
tion e�e
ts between normal metal andferromagnet inje
tion in an unusual devi
e [Sakar 2001℄. Criti
al 
urrents were 
omparedin the millivolt region of measured V-I 
urves (see Stroud above).Dumont et al. found very small gains in an unusual inje
tion s
heme [Dumont 2003℄.Samples 
onsist of a bottom 2000�A LSMO layer with a top 500�A layer in whi
h the topYBCO is patterned into a 40� wide bridge. A relation to heating due to the inje
ted 
urrent



155is evident in their devi
e although no information is provided about applied 
urrent times.An interesting related experiment was done by Mikheenko et al. in whi
h the magneti
moments of a YBCO/LCMO, YBCO/STO/LCMO, and YBCO/LNO �lm were measured[Mikheenko 2001℄. The samples were 5 x 5mm in size, and a small region of the top YBCOlayer was removed to provide an way to inje
t 
urrent from the bottom layer. By applyinga perpendi
ular magneti
 �eld to the sample while in it's super
ondu
ting state, the samplewas pla
ed in a Bean 
riti
al state [Bean 1964℄. The Bean state is attained when the 
urrent
owing around the super
ondu
tor to maintain the trapped magneti
 �eld is equal to the
riti
al 
urrent. The measured magneti
 moment is then determined by this trapped 
ux.Upon the appli
ation of a single 60 mA 
urrent pulse from the LCMO and LNO layerto the YBCO, a de
rease in the measured magneti
 moment was found. For 
urrent pulsesapplied for longer than 100 ms, a large 
hange in magnetization was seen whi
h was thesame for both LSMO and LNO �lms. This 
hange was attributed to heating. For pulsesapplied with lengths less than 100 ms, the 
hange in magnetization was distin
tly smaller.However, an obvious di�eren
e was displayed between the LCMO and LNO �lms. TheLCMO was found to yield larger suppression of the moment. Also, below a time length of1 ms, no measurable suppression was found in the LNO sample where suppression in theLCMO sample persisted. The authors provide a 
omparison to transport measurementsby 
onsidering a gain determined by the 
hange in the 
ir
ulating super
urrent with theapplied 
urrent pulse. In the proposed long pulse heating regime a gain of 30 is found, andin the non-heating short pulse regime a gain � 0.1 is found. Although the samples are ratherlarge, and the role of transfer lengths 
reates some doubt, the measurement te
hnique andresults are interesting.In general the results of previous spin inje
tion studies involving YBCO are s
attered andunreliable. Thus, nearly eight years after this bran
h of experimental work was 
on
eived,the �eld is still wide open to new experimental results and interpretations. A de�nitive



156experiment has not yet been obtained and no indi
ation has been given as to the bestexperimental dire
tion to pro
eed. In the following se
tions results of our measurements onour own unique inje
tion devi
es are presented.5.2 Devi
es and Measurements5.2.1 YBCO/LBMO Cross Strip IC Suppression Devi
eEarly in this study, a few 
ross strip type devi
es were 
onstru
ted. See �gure 5.6. Thedevi
es 
onsisted of a bottom 1000 �A La0:67Ba0:33MnO3 (LBMO) stripe, with an overlying1000 �A YBCO bridge. The substrate was NdGaO3. LBMO is a CMR ferromagneti
 materialsimilar to LSMO, but with a lower ferromagneti
 transition temperature.The LBMO stripe was 
reated by masking of the substrate with two sapphire (Al2O3)strips. Sapphire was 
hosen for it's thermal 
ondu
ting properties, and the strips werepla
ed as 
lose together as visually possible. In PLD, physi
al masking is diÆ
ult dueto shadowing e�e
ts and thermal non-uniformity 
aused on the sample surfa
e due to themask. It is very diÆ
ult to obtain good quality �lms with this method. The LBMO wasdeposited on the masked substrate, the mask was then removed ex situ, and the YBCOlayer was �nally deposited on top. The YBCO was then patterned, via photolithographyand wet et
hing with dilute nitri
 a
id into a 10 �m wide bridge. The ferromagnet layerwas magnetized by 
ooling it below it's ferromagneti
 transition temperature, removingthe va
uum tight probe from the 
ooling environment, applying a magneti
 �eld, and thenreinserting the probe.
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Figure 5.6: Pi
ture of YBCO/LBMO IC suppression 
ross strip devi
e. TheLBMO is the 200 �m wide stripe and was 
reated by in situ masking. TheYBCO is the thin photolithographi
 patterned 10�m stripe.These three terminal devi
es were found to have gains almost exa
tly equal to 1/2 fora large temperature range This seems to dire
tly point too the devi
e being dominated by
urrent summation e�e
ts. However, the YBCO bridge 
ould have had weak links outsideof the inje
ted region that dominated the 
riti
al 
urrent measurement. Also, the 200 x10 �m inje
tion region was rather large. Therefore, an even distribution of 
urrent wasunlikely. At points where the YBCO strip interse
ts the LBMO strip the YBCO 
rystalstru
ture, 
omposition, and thi
kness is not well de�ned. These regions 
ould also dominatethe 
riti
al 
urrent yet not be in the inje
tion region. This type of devi
e was abandonedfor these reasons.5.2.2 YBCO/LBMO IC suppression devi
e with unpatterned LBMOA IC suppression devi
e with an unpatterned bottom inje
tion layer, similar to that ofVas'ko et al. [Vas'ko 1997℄, was also tested. See �gure 5.4. The heterostru
ture 
onsistedof a patterned 1000�A YBCO top layer with a bottom unpatterned 1000�A LBMO layer.The YBCO/LBMO heterostru
ture was grown in situ. The top YBCO was then patternedusing photolithography and wet et
hing with dilute nitri
 a
id. The bottom LBMO was
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al 
urrent vs. inje
ted 
urrent for YBCO/LBMO inje
tiondevi
e with unpatterned LBMO The YBCO bridge was 1000�A thi
k and 10�mwide. This data was taken at 80K. The devi
e is similar to that of Vas'ko et al.[Vas'ko 1997℄not et
hed by the nitri
 a
id and was left fully inta
t.Current was passed between leads atta
hed to the LBMO layer on opposite sides of thepatterned YBCO bridge (see �gure 5.7). The YBCO bridge was 10 �m wide. The voltageand 
urrent leads were also YBCO and 
onne
ted to 400 x 400 �m pads. This makes thee�e
tive inje
tion area diÆ
ult to de�ne. The 
urrent inje
tion was expe
ted to take pla
efrom the shorted 
urrent through the super
ondu
tor as in Vas'ko0s experiment. The devi
ewas found to have small gains � 0.3 at 80K. This gain is similar to that of Vas'ko0s.With small gains and no dire
t way to tell whether the inje
ted 
urrent was arrivingin the tested super
ondu
ting bridge or not, it was impossible to determine if the redu
ed
riti
al 
urrent was 
aused by a spin e�e
t of simple 
urrent summation. Therefore thisexperiment was abandoned.



1595.2.3 YBCO/I/LSMO Four Terminal IC Suppression Devi
eA devi
e similar to that of Dong et al. [Dong 1997℄, see �gure 5.5, was also tested. Thedevi
e 
onsisted of a top patterned YBCO bridge with four gold leads, a middle insulatingSTO layer, and a bottom LSMO layer with two inje
tion leads. See �gure 5.8.

Figure 5.8: S
hemati
 and pi
ture of a YBCO/STO/LSMO side inje
tion 4 ter-minal devi
e. The YBCO bridge was 1000�A thi
k, the bottom LSMO 1000�A, andthe STO from 0 - 80�A. The devi
e was similar to that of Dong et al.[Dong 1997℄Current was inje
ted from a side ferromagneti
 pad into the opposite side YBCO 
urrentpad and the 
riti
al 
urrent of the devi
e was measured. The 
riti
al 
urrent was de�nedas the 
urrent ne
essary to 
ause a 1 �V voltage reading in the bridge. This is a popularlyused 
riteria for these measurements. All results presented here are for 20 �m wide YBCObridges.The varying STO insulating barrier thi
kness showed a large di�eren
e in 
riti
al 
ur-rent suppression. Samples with no barrier showed very little to no gain, while devi
es withbarriers from 40-80�A showed similar gains of .3 - 2 for temperatures from 80 - 60K respe
-tively. Current summation 
an provide gains up to .5 and most likely a

ounts for a large



160fra
tion of the measured gain.These devi
es have similar downsides to those mentioned for Dong's devi
e above, (seese
tion 5.1.2). Inje
ted 
urrent arrives in the super
ondu
ting layer within a transfer lengththat 
an be small 
ompared with the length of the YBCO bridge. Therefore, most spin in-je
tion e�e
ts 
ould take pla
e at the edge of the devi
e away from the 
entral measurementregion. It was diÆ
ult to estimate the resistan
e of the YBCO/STO/LSMO interfa
e forthese devi
es as there was some signi�
ant 
onta
t resistan
e in the gold/LSMO inje
tion
urrent leads. This made it diÆ
ult to as
ertain what transfer length was present in ourdevi
es. The measured V-I 
urves are o�set as seen in �gure 5.9. This indi
ates that some
urrent summation was most likely in
luded in the measurement.Also, at the time these devi
es were made the STO target used for PLD was not a single
rystal target, but a �ne grain pressed target. It was later found that the single 
rystaltarget provided far superior insulating barriers. Therefore, there may be pin hole e�e
tspresent in these devi
es. Also, it was later determined in a AFM study that LSMO �lmsthi
ker than 500�A yield rough surfa
es and out growths of > 100�A. Current inje
tion 
ouldbe dominated by these pin holes and s
atter e�e
ts throughout the bridge. This 
ouldexplain the 
losely mat
hed data of the various STO thi
knesses.In order to redu
e heating of the sample, the duration of the applied 
urrent and thetiming of the measurement of the voltage were pre
isely 
ontrolled and minimized. For ourequipment, Keithley 2400 sour
emeter and 2182 nanovoltmeter, the fastest the measurement
ould be made, while retaining an a

eptable noise level was by applying the test 
urrent for3 mse
 settling period and maintaining it through the 16 mse
 (1 PLC) measurement 
y
leof the voltmeter. Making the total time for the applied 
urrent � 20 mse
. (The a
tualtime the 
urrent was applied was for 65 mse
. but the extra 45 ms took pla
e after themeasurement 
y
le. An explanation of the exa
t timing s
heme and reasons for the extra
urrent are given in se
tion 2.10.) Time between measurements was 3 se
onds, 
reating a



161duty 
y
le of < 10�2. This measurement s
heme was used for all measurements shown hereafter.At lower temperatures, the larger test 
urrents ne
essary for measurement (>50mA)
ombined with the large inje
tion 
urrents required made measuring the samples diÆ
ult.Often the samples were damaged due to the large 
urrents involved (the test 
urrent leadhad to transport the test 
urrent plus the inje
tion 
urrent and was usually the �rst tobe damaged). Also, noise from the sour
e meter in
rease as the required 
urrent rangein
reases. Due to the poor Au/LSMO 
onta
ts, this sometimes 
aused noise beyond the 1�Vparameter used to determine the 
riti
al 
urrent. Due to these diÆ
ulties, low gains, andno good way to over
ome the transfer length problem, these experiments were abandoned.
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Figure 5.9: Criti
al 
urrent vs. inje
tion 
urrent and V-I 
urves for side inje
-tion 4 terminal suppression devi
e. (A) Normalized 
riti
al 
urrent as a fun
-tion of normalized inje
tion 
urrent for a four terminal side inje
tion suppressiondevi
e. I
(0) is the 
riti
al 
urrent with no inje
ted 
urrent. The samples 
on-sisted of a YBCO/STO/LSMO heterostru
ture. The top and bottom YBCOand LSMO layers were both 1000�A thi
k. The STO thi
kness was varied from0 - 80�A. All data is for a 20 �m wide YBCO bridge. Criti
al 
urrents were �1.5 mA at 97%TC(0) to 40 mA at 80%TC(0). (B) Voltage vs. 
urrent for afour terminal side inje
tion 
riti
al 
urrent suppression devi
e. The 
urves weretaken at 80K (97% TC(0)) for a 0�A thi
k STO devi
e. Note, the o�set is almostequivalent to the inje
ted 
urrent.



1635.2.4 YBCO/I/LSMO Five Terminal IC Suppression Devi
eAn original �ve terminal suppression devi
es was then 
reated to side step some problemsasso
iated with the previous 
ross strip and four terminal devi
es. It also 
onsisted of aF-I-S stru
ture, with the ferromagnet as the bottom layer. In this devi
e however, theinje
tion 
urrent travels through the bottom ferromagnet in a perpendi
ular dire
tion tothe top super
ondu
tor strip under test, and then upwards through the super
ondu
tor intoa middle gold pad. This is referred to as inje
tion s
heme #1, (See �gure 5.10). This isdone in an attempt to ensure a e�e
ted inje
tion region is 
reated between the two voltagemeasurement leads. Inje
tion 
urrent was also delivered through a top side 
onta
t and thevoltage measurement made in an adja
ent region. This is referred to as inje
tion s
heme#2 (See �gure 5.10). This was done in an attempt to observe any possible inje
tion e�e
ts
aused at a distan
e due to di�usion of spins. Also, the side inje
tion s
heme was used asa way to as
ertain if there were signi�
ant heating e�e
ts in the devi
e.The data shown in �gure 5.11 shows the normalized 
riti
al 
urrent vs. inje
tion 
urrentfor devi
es with STO barriers of 0 - 60 �A. The data is normalized by dividing the 
riti
al
urrent, IC , and the inje
tion 
urrent, Iinj, by the 
riti
al 
urrent attained with no inje
ted
urrent IC(0).Several problems with the side inje
tion 4 terminal devi
e were avoided by the �ve ter-minal devi
e. The 
entral inje
tion s
heme prevented any large 
urrent summation e�e
ts.This also prevented any one gold pad from having to 
arry the test 
urrent and the inje
-tion 
urrent together. There was no o�set of the voltage-
urrent measurements. The sideinje
tion provided a better 
han
e for spin e�e
ts to be present in the measured voltageregion. The large low resistan
e inje
tion lead lowered any global heating e�e
ts.The 
reated gains were rather small (� 1). Results were found to be similar regardlessof STO barrier in 
ontrast with the 4 terminal devi
es. Side inje
tion e�e
ts (Inje
tion 2)
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Figure 5.10: The top and side 
ross-se
tion s
hemati
 of YBCO/STO/LSMO�ve terminal inje
tion devi
e are shown. Voltage #1, V1, and inje
tion 
urrent#1, Iinj1, are the measured voltage and inje
tion 
urrent for the 
entral inje
tions
heme #1. The side inje
tion s
heme #2 is similarly shown. All results shownare from 20 x 150 �m YBCO bridges. The top middle gold inje
tion pad was 10x 20 �m. The gold voltage terminals were 20 x 20 �m and the end test 
urrentleads were 30 x 20 �m. There was a 10 �m gap between leads. The bottomLSMO layer was 400 x 800 �m in total size with a 400 x 600 �m gold pad forinje
tion. The top YBCO layer of the 400 x 600 �m 
onta
t region was leftinta
t be
ause the 
onta
t resistan
e between the YBCO and top gold layer wasnegligible.were very small < 0.1. This at least indi
ates there is no global heating e�e
ts that a

ountfor the suppression e�e
ts. But, the side inje
tion 
annot rule out lo
alized heating. Also,it is diÆ
ult to tell whether the side measurements have anything to do with spin e�e
tsdue to di�usion or not.Interestingly the 
riti
al vs. inje
tion 
urves of these devi
es have a tenden
y to 
ol-lapse onto a single 
urve at lower temperatures. As shown before, BCS models predi
t anin
reasing gain as temperature de
rease.
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Figure 5.11: Criti
al vs. inje
tion 
urrent for a several �ve terminalYBCO/STO/LSMO devi
es. Labels #1 and #2 refer to inje
tion s
hemesshown. Sample (A) and (B) had a 1000�A thi
k 20 x 150 �m YBCO bridge,a 60�A STO barrier, and a 1000�A bottom LSMO layer. Sample (C) was thesame ex
ept it had a 20�A STO barrier. (D) shows the 
riti
al 
urrent vs. tem-perature for the three devi
es.



1665.2.5 YBCO/I/LSMO Multi-Terminal IC Suppression Devi
eFinally, a multi-terminal devi
e was 
reated to allow better inje
tion lo
alization (see�gure 5.12). The devi
e 
onsisted of the usual YBCO/STO/LSMO stru
ture, butYBCO/STO/LNO stru
tures were tested as well. Inje
tion was still made from the bottomferromagnet to the top super
ondu
ting region. However the bottom inje
tion lead was
on�ned to a small area before 
onne
ting to the top super
ondu
tor. Only a small regionof the top YBCO was removed on the inje
tion lead in order to keep its resistan
e at aminimum. This was done to redu
e any heating e�e
ts. If inje
tion 
urrent leaked, due topinholes, into the above super
ondu
ting �lm, any e�e
ts would at least be lo
alized to aknown region. The voltage measurement leads were patterned YBCO to redu
e resistan
eand nullify any quasiparti
le inje
tion provided by metal leads.YBCO leads were available at di�erent distan
es from the inje
tion in order to measureany distan
e suppression e�e
ts. These samples were tested in a 
ontinuous 
ow 
ryostatwhi
h allowed the appli
ation of a magneti
 �eld during measurement. See se
tion 2.9 formore details.All data presented was for 10 �m wide YBCO bridges. A new ion mill provided a bettermeans by whi
h to et
h the devi
es making 10 �m more attainable. See se
tion 2.8.1 for ionmill details. The YBCO measurement leads were also 10 �m in width with 10 �m distan
ebetween.Spe
ial attention was paid the resistan
e of the 
urrent inje
tion path. A 
riti
ismof previous inje
tion devi
es in other studies has been over the subje
t of 
urrent transferlength (see introdu
tion 5.1.2). Current transfer between two layers with a 
onta
t resistan
ebetween them 
an be modeled with a transmission line model [Berger 1972, Gim 2001℄.The model des
ribes a 2 layer stru
ture with a bottom metalli
 layer and a top super-
ondu
ting layer, both of whi
h are uniform (see �gure 5.13). Assuming a uniform 
urrent
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Figure 5.12: Multi-terminal devi
e for YBCO/STO/(LSMO or LNO) devi
e.Inje
tion 
urrent was dire
ted through the bottom LSMO or LNO in to the topYBCO as shown. The devi
e bridge and leads were 10 �m wide.

Figure 5.13: S
hemati
 of transmission line model. [Gim 2001, Berger 1972℄
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ow along the two layers, 
onsider a small pie
e of 
urrent dI that 
ows a
ross a smallportion of the barrier of Area wdx. This results in a voltage drop of,V (x) = r
w dI(x)dx ; (5.13)where r
 is the spe
i�
 resistan
e of the barrier and w is the width of the devi
e. V (x) isthen the voltage between the bottom LSMO and the top YBCO.The 
urrent 
owing along the bottom layer also 
auses a little pie
e of voltage dV alonga small distan
e dx whi
h yields,I(x) = tw� dV (x)dx = wRsq dV (x)dx ; (5.14)where in relation to the bottom layer, t is the thi
kness, � is the resistivity, and Rsq is thesheet resistan
e or square resistan
e.Combining equation 5.13 and 5.14 yields,d2V (x)dx2 � Rsqr
 V (x) = 0; (5.15)whi
h, for a long 
onta
t, yields an exponential de
ay with a 
hara
teristi
 length,LT = s r
Rsq : (5.16)In referen
e to the pi
ture in �gure 5.13, if the top layer had a �nite length L, and 
urrentwas to 
ow between the left and right bottom ferromagnet leads, the e�e
tive resistan
eof the super
ondu
tor/ferromagnet sandwi
h stru
ture, given by 
ombining equations 5.14,5.16, and the solution of 5.15, is,Reff = V (L)� V (0)Iinj = 2pr
Rsqw tanh L2LT : (5.17)For a long 
onta
t, L >> LT , Reff � 2(r
Rsq)1=2=w. In the 
ase of long 
onta
t in whi
hthe 
urrent is extra
ted from the top layer the e�e
tive resistan
e is half of this result,Reff � pr
Rsqw : (5.18)



169For the YBCO/STO/LSMO and the YBCO/STO/LNO devi
es shown in �gure 5.14,the total resistan
e of the inje
tion path, Rinj, was re
orded simultaneously to the 
riti
al
urrent measurement. Using the known 
ondu
tivities of LSMO and LNO, the resistan
e ofthe small exposed region before the inje
tion point, Rbot, was subtra
ted from Rinj. Sin
ethe measurement of Rinj also in
ludes both the resistan
e of the inje
tion lead and theYBCO bridge inje
ted region the e�e
tive jun
tion resistan
e is taken as half the remainingresistan
e to yield Reff = (Rinj �Rbot)=2.The transfer length for the YBCO/STO/LSMO sample was found to be 10 - 5 �m forthe temperature range of 95 - 30%T
(0) (72 - 22K) respe
tively. This shows a large fra
tion(>50%) of the width of the 10�m bridge was dire
tly subje
t to the inje
ted 
urrent. Thisfra
tion of dire
tly e�e
ted area is the large 
ompared to most published devi
es analyzedwith the same 
riteria. We 
redit these results to an ex
ellent STO barrier similar to thatof the LSMO/STO/LSMO jun
tions already presented. See se
tion 3.2.1. Therefore theseresults 
an be 
onsidered a good indi
ation of the suppression 
aused by 
urrent inje
tion.The transfer length for the YBCO/STO/LNO sample was found to be � 50�m for thetemperature range of 90 - 30%T
(0) (73 - 24K) respe
tively. The lower resistivity of LNO
ompared to LSMO 
an a

ount for this longer transfer length. In the 
riti
al 
urrentsuppression results this di�eren
e should be noted. The longer transfer length results in alarger dire
tly inje
ted area making the 
omparison of LSMO and LNO devi
es somewhatdiÆ
ult.A YBCO/LSMO devi
e with no insulating barrier was also tested. The overall measuredresistan
e along the inje
tion path of the YBCO/LSMO devi
e , Rinj , is very 
lose to thepredi
ted resistan
e of the open LSMO area. The resistan
e of the interfa
e is 
onsiderednegligible in this 
ase. The transfer length 
an then be 
onsidered to be < 1�m. Therefore,in this devi
es a negligible part of the YBCO bridge is dire
tly under the in
uen
e ofthe inje
ted 
urrent. YBCO/LNO devi
es were also 
onstru
ted and tested. The 
riti
al



170temperature in the YBCO/LNO devi
es tended to be mu
h lower than the other devi
es(�T
 > 20K) making a 
omparison diÆ
ult. The reason for the lower 
riti
al 
urrent isnot entirely 
lear. Although not shown here, results were found to be very similar to theYBCO/LSMO.Unlike the 5 terminal devi
e data, the YBCO/STO/LSMO (Y-S-LSMO) and the YBCO-/STO/LNO (Y-S-LNO) (see �gure 5.14) multi-terminal devi
e's gain shows a de�nite tem-perature dependen
e at all temperatures. Re
all the BCS equations 5.6, 5.5, and 5.4 forquasiparti
le inje
tion predi
t this dependen
e for the gain. In the Y-S-LSMO stru
ture,the gain is seen to in
rease from .5 - 2.5 with redu
ing temperature. However, for theY-S-LNO stru
ture the gain is seen to in
rease from .5 - 4.0.The larger gain observed in the LNO devi
e 
an arise for numerous reasons. The �rstis the fa
t that the Y-S-LNO devi
e has a mu
h larger transfer length than the Y-S-LSMOdevi
e. Therefore a larger region of the YBCO is subje
t to dire
t quasiparti
le inje
tionin the LNO devi
e. Also, while both devi
es have a similar STO barrier (32�A), surfa
eroughness and defe
ts 
an 
ause 
u
tuations in the e�e
tive barrier 
reated, leading todi�erent inje
ted quasiparti
le energy levels as well as 
urrent distributions.Measurements were made in the region of the YBCO bridge neighboring the inje
tionpoint. The experimental setup allowed the dire
t inje
tion area and the side area to bemonitored simultaneously. No voltage appeared in the neighboring regions until after avoltage whi
h was mu
h larger than 1�V (> 3� 4�V ) arose in the dire
tly inje
ted region.This indi
ates that there are no long rea
hing di�usion e�e
ts whi
h 
ause large areas (> 10x 10�m) of the YBCO bridge to be
ome normal under inje
tion. All e�e
ts are primarilyisolated to the dire
t inje
tion point.Finally the interfa
es of YBCO/STO and STO/LSMO are not well understood. It wasseen in the LSMO/STO/LSMO jun
tion study that the LSMO properties are most likelydeteriorated at the STO interfa
e. It is diÆ
ult to tell what e�e
ts may be present in
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tion devi
es. The devi
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entagesof TC(0) are shown. Note, data marked with a "�" was made in a 500 Gaussmagneti
 �eld applied in the plane of the sample.



172the YBCO/STO interfa
e. The spin polarized 
urrent arriving from the LSMO 
ould bes
attered to yield a normal quasiparti
le 
urrent. In this way the LSMO would be similarto the LNO in 
riti
al 
urrent suppression.Various magneti
 �elds were applied during the measurements in an attempt to seedi�eren
es arising from the domain stru
ture of the LSMO layer. Neither devi
e was e�e
tedby the appli
ation of a in plane magneti
 �eld. The results from the appli
ation of a 500Gauss in plane �eld are shown with the data. This �eld was suÆ
ient to over
ome thein-plane 
oer
ive �eld of the LSMO layer, yet small enough to leave the YBCO largelyuna�e
ted. The in-plane 
riti
al �eld for YBCO is on the order of 100 Tesla. The fa
tthat the gain shows no deviation with applied �eld for the Y-S-LSMO sample does notbode well for a spin inje
tion pi
ture. However domain sizes for LSMO in the measuredtemperature range are found to be larger than tens of �m [Kwon 1997, Soh 2000℄. Therefore,the magnetization dire
tion 
ould be varied with the appli
ation of a magneti
 �eld, this
hange may not be re
e
ted in the 
riti
al 
urrent suppression. Out-of-plane �elds werealso applied to the sample. Very small similar deviations were seen for both samples.Resistan
es along the inje
ted 
urrent path are similar for both devi
es. The totalresistan
e shown by both devi
es is � 500 
. The resistan
e derived for the 
urrent inje
tionjun
tion region of the devi
es at 30%T
(0) is � 60
 for the Y-S-LSMO devi
e, and � 220
for the Y-S-LNO devi
e (see transfer length dis
ussion above). Maximum inje
tion 
urrentswere on the order of 10 mA at these temperatures. The e�e
tive inje
tion area was around10 x 10 �m for the Y-S-LSMO, and 10 x 50 �m for the Y-S-LNO (e�e
tive inje
tion areataken as the width of the devi
e times the determined transfer length). This yields a powerdensity of 6000 W/
m2 for the Y-S-LSMO and 4400 W/
m2 for the Y-S-LNO devi
e.These values surpass the 
riti
al power value of 3700W/
m2 [Shi 1993℄ often quoted byspin inje
tion studies. However if these e�e
ts were simply attributed to heating the LSMOwould 
learly have a larger suppression e�e
t, whi
h is opposite of what is shown. Although



173it is also noted that the power density for the two samples are on the same order. Someheating may arise in these devi
es for lower temperatures and higher 
urrents. However,the time of the applied 
urrent before the voltage measurement took pla
e was varied inthis experiment. Normally the 
urrent was applied for a 3 mse
 settling period before thevoltage measurement o

urred. The voltage measurement is taken for 17 mse
 after whi
hthe 
urrent is turned o�. The time of the applied 
urrent before voltage measurement wasin
reased to 300 mse
 before any real deviation was seen in the 
riti
al 
urrent data. Thiswould make a heating argument seem a bit 
ounter intuitive. If all suppression was due toheating even slight variations in the applied 
urrent time should have be re
e
ted in largersuppression. It should be noted that when the time was in
reased to 30 mse
, no deviationwas seen in the data.A YBCO/LSMO devi
e with no STO barrier is presented in �gure 5.14. The totalresistan
e of the inje
tion path for this devi
e was � 150
. As mentioned before, transferlengths in this devi
es are hard to determine and are 
onsidered to be very short (<< 1�m).This devi
e has a mu
h thi
ker YBCO layer than the devi
es with STO barriers. Also,heating in these devi
es would most likely be greatly redu
ed from that present in thedevi
es with barriers. The suppression of the 
riti
al 
urrent is not as large as the devi
ewith the STO. A 
lear temperature dependen
e is seen in the suppression. Measurementsbelow 80% of the 
riti
al temperature 
ould not be made due to the large 
riti
al 
urrentsand therefore the large inje
tion 
urrents required for suppression. When 
urrents be
ametoo high, the devi
es were sometimes found to fail.All the multi-terminal devi
e data suggests a few di�erent possibilities. Suppressione�e
ts may be due to quasiparti
le inje
tion e�e
ts, where there is no polarized spin transferdue to s
attering at the interfa
e. Possibly heating e�e
ts are 
ausing gains by simply
hanging the temperature of the YBCO bridge. However in order to 
reate the observeddi�eren
es in 
riti
al 
urrent the temperature 
hanges would have to be on the order of 10K



174in some situations. I believe while heating may 
ontribute it is not the sole me
hanism ofsuppression. Finally it is possible that the e�e
t of the polarization of the inje
tion 
urrentis very little in terms of 
riti
al 
urrent. For YBCO the 
riti
al 
urrent relation to the orderparameter is unknown be
ause tunneling experiments are diÆ
ult and in
on
lusive.In any 
ase, the indi
ations for a YBCO three terminal devi
e are not good. Of thehundreds of spin inje
tion suppression devi
es 
reated in this study no gains were ever seengreater than 5 for any temperature. And, all gains larger than 1 were seen at temperaturesfar below the 
riti
al temperature of YBCO, and therefore mu
h less than 77K.



Chapter 6Con
lusions and Future WorkThe magneti
 tunnel jun
tions investigated in this study show some hope for the very realattainment of a valuable te
hnologi
al devi
e. LSMO/STO/LSMO tunnel jun
tions werefound to operate very 
lose 
lose to room temperature (275K), but this is still far belowthe Curie temperature of LSMO (>350K). It seems a deterioration of the LSMO at theSTO/LSMO interfa
e may be the 
ause of this de
reased operating temperature. If thenature of this deterioration 
an be better understood it may be possible to insert a verythin interfa
e bu�er layer to prevent this degradation. For example if the barrier region isfound to be Sr de�
ient or ri
h, a 
orresponding over or under doped LSMO layer 
ould beinserted.The high resistan
e demagnetized state and the 
orresponding sharp swit
hing highvalued tunneling magnetoresistan
e is very promising and o�ers a new resear
h area formagneti
 tunnel jun
tions. The results found in this study indi
ates that a premagnetizedstate in whi
h the �eld is ramped to a high value and returned to zero is not as stableand yields inferior results 
ompared to samples initially pla
ed in a demagnetized state. Itseems the jun
tions maybe more adept at pi
king their own stable state than when one isimposed on them. The demagnetized jun
tions show single domain behaviour. It wouldbe interesting via MFM or another te
hnique to see the domain stru
ture of su
h a devi
eafter demagnetization. 175



176Currently, when jun
tions are 
reated in industry the ferromagneti
 layers are depositedand magnetized by applying a high magneti
 �eld. A antiferromagneti
 layer is then de-posited in order to 
ouple to the exposed ferromagneti
 layer and pin it's magnetization.But, perhaps industrial jun
tions 
ould be demagnetized before applying the antiferro-magneti
 layer and yield better or at the very least unique and useful results. Of 
ourse,jun
tions 
reated in industry have pre
ise geometri
al design and are very small whi
h in-du
es their ferromagneti
 layers to have a nearly single domain while the our jun
tions seemto be subje
t to multiple domains. Multi-domains may play a key part in this e�e
t. Also,the demagnetization e�e
ts found here maybe unique to manganite jun
tions, but perhapsthe e�e
t is more fundamental to magneti
 jun
tions in general.It is also interesting that when demagnetized, the jun
tion pi
ks out a high resistan
e,whi
h a

ording to 
urrent theories, 
orresponds to the opposite alignment of domains inthe top and bottom ferromagneti
 layers of the jun
tion. This is the lower energy statewhen magneti
 energy is involved. But, perhaps other me
hanisms are at work in
ludinginterlayer antiferromagneti
 ex
hange 
oupling.The 
ombination of other 
olossal magnetoresistive ferromagneti
 materials in magneti
tunnel jun
tions 
ould also lead to many useful devi
es. It has been shown here, in whatis believed to be one of the �rst mixed CMR material jun
tions, that LCMO/STO/LSMOjun
tions 
an show interesting dire
tional e�e
ts. Su
h devi
es 
ould be very useful insensory appli
ations. To date there is very little data available on the angular dependen
eof CMR magneti
 tunnel jun
tions. Also, the 
ombination of di�erent CMR materialsand perovskite insulating barriers 
an provide a better understanding of the fundamentalferromagneti
 me
hanism of CMR materials as well as the interfa
e intera
tion within aheterostru
ture.The spin di�usion measurement results, for the LSMO/YBCO/LSMO devi
es, are un-usual. The results for an out-of-plane applied �eld shows a strange symmetry whi
h is



177di�erent than other similar ferromagneti
 devi
e measurements. It may be ne
essary tomeasure the hall e�e
t of bi-, tri-, and multi-layer LSMO-YBCO heterostru
tures at vari-ous out-of-plane applied �eld angles to obtain a better experimental understanding of whatis being observed.It is diÆ
ult to say whether the obtained results are due to spin di�usion e�e
ts ornot. While some part of the signal may be due to di�usion, obviously various hall e�e
tsignals are also at work. Separating the two in su
h a 
omplex devi
es is very diÆ
ult.Also, devi
es with 1000�A and 500 �A YBCO layers similar signal sizes but di�erent 
urves.Therefore it is hard to make a distan
e dependent �tting to obtain di�usion information.All that 
an be said, is that a spin di�usion signal 
an not be ruled out.A rough upper bound to the spin di�usion distan
e in YBCO was made. By naivelyassuming that the signal found in the devi
es is stri
tly a produ
t of the spin di�usionsignal, a spin di�usion distan
e � 0.1 �m was found at 100K. In any 
ase these at leastpla
es an upper bound on the spin di�usion distan
e. Previous theoreti
al estimates fallwithin this value. Therefore, the possible in-plane dete
tion of spin signal in YBCO 
annot be deterred.In the future, now that good Au/YBCO 
onta
t 
an be made, a new inje
tion devi
e inwhi
h the top Au pad is separated from the inje
tion region in su
h a way as to redu
e anyhall signals 
ould be produ
ed. This 
ombined with better understanding of the angularapplied �eld e�e
ts in (LSMO/YBCO)x stru
tures may allow a pre
ise isolation of the spindi�usion signal.The results of the suppression of 
riti
al 
urrent of YBCO by spin inje
tion have notyielded any distin
t 
hara
teristi
s whi
h largely separate them from normal quasiparti
leinje
tion. Also, gains are found to be rather small, espe
ially above 77K. This 
ombined withthe fa
t that submi
ron YBCO devi
e fabri
ation is ex
eedingly diÆ
ult seem to indi
atethe no te
hnologi
ally appli
able 3 terminal YBCO devi
e is viable in the near future. These



178result are e
hoed in a quasiparti
le study on similar Au/STO/YBCO devi
es 
ondu
ted byS
hneider et al. [S
hneider 1999℄. However, sin
e there does not appear any large longrange suppression e�e
ts, it would seem very plausible that YBCO 
ould be used in future
omplex low temperature CMR magneti
 devi
es. There are also still a rather wide rangeof untested ferromagnets and insulators whi
h 
ould be used to 
ondu
t this experiment.It 
ould be that a 
omplex intera
tion between YBCO, STO, and LSMO interfa
es whi
his not yet understood, may be hampering the inje
tion of the spin 
urrent.I any 
ase I believe a better theoreti
al and experimental understanding of YBCO/Iand YBCO/F surfa
e stru
ture is required. Simple S-I-F models usually do not take intoa

ount 
omplex surfa
e intera
tions whi
h 
an make them diÆ
ult to realize experimen-tally. Perhaps a better models would involve S/Æ/I/Æ/F type stru
tures. Of 
ourse, futuremagneti
 materials or growth te
hniques may provide better devi
es. Also, theoreti
al workmay shed new light on fundamental YBCO super
ondu
ting me
hanism. Mot importantlyit should be noted that the hope for a te
hnologi
ally appli
able three terminal super-
ondu
ting devi
e does not end with YBCO. Re
ently dis
overed super
ondu
tor MgB2has a TC(0) of around 40K making it a feasible 
andidate for su
h devi
es. To date, no spininje
tion e�e
ts have been investigated with MgB2.



Appendix ADetermination of Maximum Beam Current andBeam Stabilization for the ion mill.
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Figure A.1: The a

elerator 
urrent is plotted as fun
tion of the beam 
urrentfor the ion mill. The beam voltage (VB) is 270V, a

elerator voltage (VA) 27volts, the total voltage (VT = VB + VA) 297 volts, and the dis
harge voltage(VD) 35V. The a

elerator 
urrent deviates from a linear relationship with thebeam 
urrent at the maximum beam 
urrent. Readings above this 
urrent arenot pre
ise due to ele
tron ba
k streaming. Maximum beam 
urrents were givenin the ion mill manual (as a fun
tion of total voltage) and were found to besimilar to those measured in our lab. A good explanation of broad beam ionsour
es is given in [Kaufman 1989℄
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Figure A.2: Beam 
urrent shown as a fun
tion of time after initial startup.Two di�erent sets of data are shown. Dis
harge 
urrent and beam 
urrent areshown for ea
h set.The ion mill also requires some time to a
hieve a stable equilibrium after it'sinitial start up. I believe this has to do with the temperature of the mill rea
hingan equilibrium value. A graph of beam 
urrent vs. time shows approximately 8minutes of operating time is ne
essary to a
hieve a stable beam. This only needsto be 
onsidered when a high level of a

ura
y is required. In most 
ases, a 1minute warm up time is suÆ
ient to stabilize all other parameters, and beam
urrent deviation is usually less than 20% in the time that follows.The beam 
urrent and the dis
harge 
urrent are shown as a fun
tion of time.The ion mill settings for this data are, beam voltage (VB) 300 volts, a

eleratorvoltage (VA) 30 volts, dis
harge voltage (VD) 35 volts, and beam 
urrent (IB)3.5 mA. The neutralization 
urrent (IN ) is set automati
ally by the power sour
e(TBN mode). Noti
e although the beam 
urrent is set to 3.5mA the power sour
esometimes �nds a stable equilibrium slightly above or below the desired setting.Often the desired setting 
an be rea
hed by turning o� the mill, for a few se
ondsand then turning it ba
k on again. Also, a 
orresponden
e between dis
harge
urrent and beam 
urrent is 
learly seen. Times may di�er for higher beamvoltages and 
urrents. Most milling done in this thesis was at the parametersmentioned above.



Appendix BMagneti
 Field vs. Current for GMW model 5403Ele
tromagnet
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Figure B.1: This magneti
 �eld measurement was made with a gaussmeter.The hall probe was inserted dire
tly into the 
ryostat. This data then gives the�eld present with the 
ryostat in pla
e. There was a 2 in
h gap between thepoles of the magnet. The magnet poles were 76mm in diameter with 
ir
ularfa
es.Note there is some non-linearity above 30 Amps. For an applied 
urrent belowj30 Ampsj a slope of 141.5 Gauss/amp 
an be used to 
al
ulate the �eld. Fields(H) 
reated by 
urrent above j30 Ampsj 
an approximated by with the linearequation, H = 119(I) +/- 652, where I is the total applied magnet 
urrent (+for positive 
urrent, - for negative 
urrent). The maximum a
hievable �eld was5383 Gauss at j40 Ampsj.Also, note the 
urrent ranges from 40 to -40 Amps. However, the power suppliesonly range from 20 to -20. 40 Amps is a
hieved by the two power suppliesworking in series. Only one power supply is programmable from the 
omputervia the GPIB line. The other supply a
ts as a slave to the programmable supply.Therefore if a 
urrent of 20 Amps is programmed, both supplies provide 20Amps, yielding a total 
urrent of 40 Amps. See se
tion 2.9 for more details onthe magnet system.



Appendix CYBa2Cu3O7 (YBCO) PLD parameters
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185
Deposition Parameters for YBa2Cu3O7Temperature 805oCPressure 100 mTorrOxygen 
ow 100 s

mSet Laser Energy 700 mJAperture area � 15 x 8mm (sml)Energy inside 
hamber 150 mJ(after aperture and window)Fo
used Beam area 0.11
m2Energy density 1.35 J/
m2Laser pulse frequen
y 4 HzHeater/Target distan
e 8 
mPre-ablation time 1 minuteCooling 60oC/minute to 450oCAnnealed 30 minutes at 450oC15oC/minute to room temp.Cooling Pressure 600 TorrDeposition rate 0.89�A/pulseTable C.1: Optimal parameters for pulsed laser deposition of YBa2Cu3O7 areshown.



Appendix DLa0:67Sr0:33MnO3 (LSMO) PLD Parameters
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187
Deposition parameters for La0:67Sr0:33MnO3Temperature 805oCPressure 200 mTorrOxygen 
ow 100 s

mSet Laser Energy 900 mJAperture area � 18 x 8.5 mm (sml)Energy inside 
hamber 230 mJ(after aperture and window)Fo
used Beam area 0.14 
m2Energy density 1.6 J/
m2Laser pulse frequen
y 4 HzHeater - Target distan
e 8 
mPre-ablation time 1 minuteCooling 60oC/minute to Room Temp.Cooling Pressure 600 TorrDeposition rate 0.64�A/pulseTable D.1: Optimal parameters for pulsed laser deposition of La0:67Sr0:33MnO3are shown.



Appendix ELaNiO3 (LNO) PLD Parameters
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189
Deposition parameters for LaNiO3Temperature 805oCPressure 100 mTorrOxygen 
ow 100 s

mSet Laser Energy 900 mJAperture area � 15 x 8 mm (sml)Energy inside 
hamber 180 mJ(after aperture and window)Fo
used Beam area 0.11 
m2Energy density 1.6 J/
m2Laser pulse frequen
y 4 HzHeater - Target distan
e 8 
mPre-ablation time 1 minuteCooling 60oC/minute to Room Temp.Cooling Pressure 600 TorrDeposition rate 0.53�A/pulseTable E.1: Optimal parameters for pulsed laser deposition of LaNiO3 areshown.



Appendix FSrTiO3 (STO) PLD Parameters
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191
Deposition parameters for SrTiO3 (single 
rystal target)Temperature 700oCPressure 150 mTorrOxygen 
ow 100 s

mSet Laser Energy 700 mJAperture area � 15 x 8 mm (sml)Energy inside 
hamber 150 mJ(after aperture and window)Fo
used Beam area 0.11 
m2Energy density 1.35 J/
m2Laser pulse frequen
y 1 HzHeater - Target distan
e 8 
mPre-ablation time 1 minuteCooling 60oC/minute to 450oC(for thin barriers) Anneal at 450oC, 6 hours, 600 Torr15oC/minute to Room Temp.Cooling Pressure 600 TorrDeposition rate 1.0�A/pulseTable F.1: Optimal parameters for pulsed laser deposition of SrTiO3 (single
rystal target) are shown.



Appendix GNotes on the Ex
imer LaserG.0.6 General NotesAlways wear appropriate eye prote
tion when operating the laser. Goggles should be spe
if-i
ally designed to blo
k the 348nm light emitted from the laser. CO2 laser goggles 
an beused, are readily available from 
ommer
ial suppliers.� The 
ooling water valves should never be opened all the way. This provides to mu
hpressure and the tubes inside the laser may leak. Turn the valve to about 1/3 to 1/2 ofthe full position. This provides suÆ
ient 
ooling. Also, be wary of 
ondensation during thesummer months. The temperature of the water should always be below 60o while the wateris running. If it rises above this value, either the water pump has turned o� or the 
hillerhas shut o�. The pump is lo
ated in the basement of the building, and the 
hiller is lo
atedon the roof. The water �lter, in the lab, should be 
hanged at least every two months. The�lters 
an be pur
hased from the 
ompany listed on the �lter apparatus.There is a fan on the roof of the building that is atta
hed to the exhaust of the laserand the gas 
ylinder 
abinet. There is an interlo
k in the laser 
onne
ted to the fan. Ifthe fan stops running, so does the laser. A qui
k way to 
he
k whether the fan is runningor not is to pla
e a pie
e of paper over one of the air inlets on the front of the laser. Thesu
tion should be enough to hold it in pla
e. The fan is always running whether the laseris running or not. There is also a 
ir
uit breaker for the fan lo
ated in the main breaker192



193box in the lab.The 
omputer 
ontrol software 
an get 
onfused. Sometimes this 
auses the laser tostop fun
tioning. This 
an be �xed by simply restarting the 
omputer. If the laser doesn'tseem to respond to the 
omputer's 
ommands, this is the �rst thing to try. There is a 
opyof the software that runs the laser in the lab. It 
an be obtained from Lamda Physik ifne
essary. If a 'Low Light' status is displayed, press '
' to return to the main menu.The laser has two gas re�ll modes, PGR and NGR. The 
urrent setting 
an be lo
ated onthe gas menu. If the laser is run in 
onstant energy mode and requires a voltage of 21.5kVor higher to attain the set energy level, and the gas re�ll mode is set to PGR, the laserwill automati
ally try to re�ll the laser gas. This is bad. This may allow 
ontaminationto enter the laser tube sin
e the laser gas tank is 
losed when not in use. The laser isalways set to NGR mode, in whi
h no attempt is ever made the software to re�ll the gaswithout user intervention. But, every on
e in a while, for some reason, the software hasbeen known to 
hange the mode by itself. These problems 
an be avoided by running thelaser in 
onstant voltage mode. The laser will not try to automati
ally �ll new gas when
onstant voltage mode is used, regardless of the re�ll mode setting. In any 
ase, it is a goodidea to 
he
k the re�ll mode on o

asion.The 
ables from the 
omputer to the laser are �ber opti
 
ables. The trigger signal fromthe 
omputer is a
tually a small 
ashing light. When the 
omputer is triggering the laser,this light 
an be seen emanating from the �ber opti
 port marked "Trigg." on the 
omputer
ard when the �ber opti
 
able is removed. Also, the �ber opti
 
able 
an be removed fromthe port marked "Trigger In" on the ba
k of the laser, and the laser 
an be triggered by
ashing a 
ashlight in the �ber opti
 port. The triggering light 
an also be faintly seenemanating from the �ber opti
 
able at this point. These are all good ways to make surethe 
omputer and the 
ables are fun
tioning 
orre
tly. The laser 
an be triggered with anexternal TTL sour
e by 
onne
ting it to the 
oaxial "Ext. Trig." port on the 
omputer,



194and sele
ting "EXT" as the triggering mode. "Burst mode", lo
ated under options, 
an beused in 
onjun
tion with external triggering to yield po
kets of a spe
i�ed number of pulseswith time breaks in between.If the laser stops running, there are fuses on the ba
k of the laser whi
h 
an also be
he
ked. Make sure the power to the laser is o� before 
he
king. Also, there is a 
ir
uitbreaker for the laser in the main lab breaker box.There is a beam splitter in the ba
k of the laser whi
h dire
ts light into the laser'senergy meter. The ba
k panel must be removed to get at it. Always turn o� the laser whenworking inside. There are very high voltages at work, whi
h 
an still be present long afterthe laser is shut down! The beam splitter 
an be removed with a hex wren
h. If the laser'senergy reading seems to be falling sharply from 
alibration to 
alibration, the splitter mayneed to be 
leaned. Use a
etone, isopropanol, and lens paper to 
lean it. Be 
areful, thereis 
urrently no repla
ement beam splitter in the lab.The laser's thyratron was repla
ed in the summer of 2002. The thyratron is just ahigh energy swit
h 
apable of handling up to tens of kilovolts. If the laser over triggers(sometimes triggers faster than the programmed frequen
y) or under triggers (misses pulses)the thyratron heater voltage may need adjustment. The 
ontrols are lo
ated on the frontright side of the laser. The front right side panel must be removed to get at it. Conta
t theLambda Physiks te
hni
ians for information on how to measure and adjust the thyratronvoltages to prevent over and under triggering.If the thyratron is 
onsidered to have gone bad, it is best to borrow a thyratron fromanother laser, install it, and make sure, as they are rather expensive. Always turn o� thelaser when working on the thyratron. There are very high voltages at work, whi
h 
an stillbe present long after the laser is shut down! The thyratron is lo
ated on the right side ofthe laser. There is an interlo
k between the right panel and the laser. When this panel isopen the laser will not operate. When the right panel is removed a removable long plasti




195rod with a metal tip and an atta
hed ground strap 
an be seen. This is to ground the highenergy ele
troni
s of the laser before working. The tip of the rod is to be pla
ed in theport marked ground. BE EXTREMELY CAREFUL WHEN GROUNDING THE LASER!High voltages 
an linger for long periods of time in the laser.The premixed laser gas is 
onne
ted to the bu�er gas inlet on the laser. The Laser gashas 
uorine in it whi
h is 
orrosive. Keep this in mind when 
hanging tanks or working onthe gas 
ow system.G.0.7 New Gas Fill Pro
edureThis pro
edure should be followed step by step. Do not skip steps!7! Gas fume hood steps and others are not indented and have a "7!" symbol.� Computer steps are indented and have a "�" symbol.7! Turn on the laser power. Do not turn on the 
ooling water. Let the laser stay this wayfor one hour. (This step allows the laser tube to warm slightly. More 
ontaminated gaswill be removed this way. This te
hnique provides mu
h more 
onsistent energy results.DO NOT FIRE THE LASER DURING THIS TIME AND MAKE SURE NO ONE ELSEDOES!7! Make note of number of 
ounts.7! Close valve from helium (Inert) line to mix (Bu�er) line.� Open Gas menu.� Open Gas
ow menu.� Turn on Pump.� Wait 20 se
onds.� Open Va
uum valve.� Open BU�er valve 3 times. (It 
loses automati
ally.)



196� Close Va
uum valve.� Turn o� Pump.� Quit Gas
ow menu.7! Open mixed gas 
ylinder valve.7! Make note of mixed gas pressure. (Before:)�Sele
t New Fill.7! Wait for gas to eva
uate laser and new gas to �ll. When new �ll is 
omplete,7! make note of mixed gas pressure. (After:)7! Close mixed gas 
ylinder valve.7! Open vent valve.7! Close vent valve.� Open Gas
ow menu.� Turn on Pump.� Wait 20 se
onds.� Open Va
uum valve.� Open BU�er valve.� Wait for valve to automati
ally 
lose.7! Open valve from helium (Inert) line to mix (Bu�er) line.7! Close valve from helium (Inert) line to mix (Bu�er) line.� Open BU�er valve.� Wait for valve to automati
ally 
lose.7! Open valve from helium (Inert) line to mix (Bu�er) line.7! Close valve from helium (Inert) line to mix (Bu�er) line.� Open BU�er valve.� Wait for valve to automati
ally 
lose.7! Open valve from helium (Inert) line to mix (Bu�er) line. (Leave open!)



197� Close Va
uum valve.� Turn o� Pump.� Open Inert valve.� Wait for Inert valve to automati
ally 
lose.7! �Turn on the 
ooling water and wait 20 minutes.7! Calibrate laser energy reading using a value of 1100mJ with external Mole
tron meterreading of 1100mJ (1Hz).7! Finished



Appendix HPLD Multi-Target Rotation SystemA PLD multi-target rotation system was designed to �t through an 8" port. It 
an hold upto four targets. All pie
es were made of 316 stainless steel when available, else 304 stainlesssteel was used. In hind sight it may have been possible to use thinner steel plates andsupport rods in the design. The 
onstru
ted design is a little heavy, but works very well.Note a spe
ial feature of the design is the ability to 
ompletely remove the target 
arouselfrom the from the rest of the apparatus by simply removing the target shield and one sets
rew 
ollar. This allows positioning and 
hanging of targets to take pla
e external to the
hamber.A peripheral instrument was proposed, in whi
h the target 
arousel 
ould me mountedupsidedown on a shaft. The four targets 
ould then be simply lowered onto set levels,providing an instant and simple way of ensuring the targets are all at the same height.Other target rotation system designs are available in [Xu 1998, Clark 1996, Ja
kson 1995,Campion 1996℄.Presented here are the drawings of 
ustom made parts, a list of pur
hased parts, andan overall s
hemati
 of the system.
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Figure H.1: 8" CF 
ange base plate
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Figure H.2: Middle platform plates and shield
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Figure H.3: Middle platform supports, 
arousel supports, and 
arousel rotationshaft
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Figure H.4: Target holders. S
rew 
lamp for thi
k targets and glue held forthin.
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Figure H.5: Carousel plates
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Figure H.6: Side view of PLD target rotation system
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Figure H.7: Top view of PLD target rotation system
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Items ordered from W. M. Berg, In
.Des
ription Part # Qty S
hemati
 LetterFlanged Radial Ball Bearings B2-11 12 AFlanged Radial Ball Bearings B2-8 2 BPre
ision Spur Gear P48S26-60 4 CPre
ision Spur Gear P48S26-30 1 DSet S
rew Collar Clamp CS-7 8 ESet S
rew Collar Clamp CS-9 6 FSolid Shim Spa
er SS2-31 10 GSleeve Coupling CT-3 4 HSleeve Coupling CT-19 2 IAll items made of 316 Stainless Steel ex
ept*Ball Bearings whi
h were made of 304 Stainless steel.Table H.1: Table of parts pur
hased for target rotator system. All s
rews,washers, and raw materials were 316 stainless steel and were pur
hased fromM
Master-Carr.



Appendix ISubstrate HeaterA full des
ription of the substrate heater is presented in se
tion 2.1. Another design isavailable in Kumar et al. [Kumar 1993℄
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Figure I.1: PLD heater parts
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Figure I.2: PDL heater s
hemati
 (side view)



Appendix JPhotolithographi
 Pro
essingFor most appli
ations Shipley Mi
roposit S1811 photoresist was used. 1827 was availablefrom the EMPRL fa
ility. To make 1811 the 1827 had to be mixed with Shipley type-N thinner in a 1827 to thinner ratio of 5:2 respe
tively. All photoresist and thinner waspur
hased from Mi
roposit.Samples were �rst blown o� with a nitrogen gun to remove any parti
les from the surfa
e.1811 was then applied an spun at 4000 rpm for 40 se
onds to obtain a 1.1�m thi
k layerof photoresist. It was possible to spin samples as small as 3 x 4 mm and retain a 1 x 2 mmpatternable area. (Small samples always have a thi
k photoresist region at the edge of thesample roughly 0.5 mm in width in whi
h no pattern 
an be made. Another te
hnique forspinning very small samples is to use 1811 to glue the small sample to the edge of a largerSi substrate. The sample 
an then be spun in the usual way.)The sample was then baked at 100oC for 60 se
onds and afterwards pla
ed on a roomtemperature 
ooling blo
k for 1 minute.The sample was then aligned to the desired mask pattern. Care should be taken whenbringing the sample in 
onta
t with the mask. Small samples have a tenden
y to sti
k ifpressed too hard. Also, sin
e the area of the sample is small, a large amount of for
e 
anbe applied to a point on the mask whi
h 
an end up 
ra
king or shattering the mask.The sample was then exposed for 0.55 minutes using 
hannel 1 of the UV sour
e power210



211supply in the EMPRL. For samples in whi
h a majority of the top surfa
e was 
overed ingold an exposure time of 0.6 minutes was used. MgB2 samples required 1.2 � 1.5 minutesof exposure. Sometimes the UV bulb in the aligner is 
hanged. Exposure times may varyslightly due to an old or new bulb.Samples were than developed in diluted Shipley 351 developer. 351 developer is primarilysodium hydroxide. The ratio of water to 351 was 5:1 respe
tively. Samples were developedfor 45 se
onds. (For water sensitive samples (MgB2) 10 se
onds with agitation would suÆ
e.)Samples were then pla
ed in a distilled water bath for 1 minute and �nally blown dry withnitrogen.Samples 
ould be post baked for 1 minute to provide a more durable photoresist layer,but this was found to rarely be ne
essary.



Appendix KLabview ProgramsSeveral data a
quisition programs were written in the Labview graphi
al language. Thefollow is an explanation of some of the spe
ial fun
tions of several of these programs. Manydi�erent programs exist whi
h re
ord the same measurement, but through the use of di�er-ent equipment. The most 
ommon set of equipment interfa
ed in this study was the Keithley2400 sour
emeter (2400), the Keitley 2182 nanovoltmeter (2182), the Lakeshore 340 tem-perature 
ontroller (340), the Lakeshore 330 temperature 
ontroller (330), the EG&G 7260DSP lo
k-in ampli�er (lo
k-in), and the Kep
o BOP 20-20M-4882 power supply (kep
o).The programs des
ribed here used this equipment unless otherwise noted.K.0.8 Resistan
e vs. Temperature ProgramThe resistan
e vs. temperature (R vs T) program des
ribed here is in referen
e to theprogram Resis vs Temp wertz 01.vi lo
ated in the VI library Resis vs Temp wertz 01.llb.However, many similar features are present in other programs.The RvsT program uses a 2400 sour
emeter to apply a 
urrent, a 2182 nanovoltmeterto measure the 
reated voltage, and either the 340 or 330 temperature 
ontroller to mea-sure the 
orresponding temperature. The applied time of the 
urrent, delay of the voltagemeasurement after the appli
ation of the 
urrent, and the time between su

essive measure-ments is 
ontrolled. For a detailed analysis of the measurement timing and te
hnique see212



213se
tion 2.10 and �gure 2.12.Here is a list of buttons and their fun
tions in the RvsT program.Sample Name - Creates a default sample name for dialog after save data is sele
ted2400 Current (Amp) - Measurement 
urrent in use. May be 
hanged at any time whileprogram is running. Negative 
urrents may also be used.Pos/Zero or Pos/Neg - For Pos/Zero, voltage at positive 
urrent, V+ = V (+I), andvoltage at zero 
urrent, V0 = V (I = 0), are used to 
al
ulate the resistan
e, R =(V+ � V0)=(+I). For Pos/Neg, V+ = V (+I) and V� = V (�I) measurements are usedto 
al
ulate the resistan
e, R = (V+ � V�)=(+I � (�I)).Time between 
urrent 
ip (mse
) - Time between ea
h measurement in millise
onds.If the value is set too low there 
an be errors 
reated. It just takes time for theequipment to re
eive and pro
ess 
ommands.Lakeshore 340 / 330 - Sele
ts desired temperature 
ontroller.Push this button to 
hange, 2400, 2182 ... - Changes listed parameters when pushed.Note, the listed parameters are set to the values displayed at the program startup, butdo not automati
ally update. This button must be pushed to 
hange the parameters.2182 Volt Range (volt) - Enter the value of your estimated maximum voltage readinghere and the 2182 will automati
ally pi
k the appropriate voltage range.2400 Comp Volt (volt) - Sets the 2400 
omplian
e voltage in Volts.2400 Dwell Time (mse
) - Sets the 2400 Dwell time in millise
onds.�2182 Delay time (mse
) - Sets the 2182 delay time in millise
onds.�Address Controls - Set GPIB addresses for equipment in use.



214Stop and Save data - Stops the measurement and saves the data.Stop Do Not Save - Stops measurement. Does not save the data. Puts all equipmentinto a default state.All other displays are indi
ators and do not 
ontrol the data output. Graph viewing
ontrols are lo
ated in the graph palette.K.0.9 Resistan
e vs. Magneti
 Field ProgramSeveral of the 
ontrols in the Resistan
e vs. Magneti
 Field program (R vs. H), Re-sis vs Mag wertz 01.vi lo
ated in the VI library Resis vs Mag wertz 01.llb., are the sameas those given in the R vs. T program se
tion (K.0.8) above. Only those 
ontrols whi
hdi�er from the R vs. T program will be dis
ussed here.This program uses the 2400, 2182, Lakeshore 340, and the Kep
o power supply, in
onjun
tion with the GMW magnet / Janus 
ryostat system. For details on the magnet seeappendix B.For a detailed analysis of the measurement timing and te
hnique see se
tion 2.10 and�gure 2.12.Here is a list of buttons and their fun
tions in the R vs. H program.File Path - Path to the �le in whi
h the sample will be saved. The program still promptsfor a saving lo
ation. But, this 
an save time if several measurements on the samesample are preformed.Run# - Gets appended to the �lename.Mag Starting Field� - The starting magneti
 �eld. The maximum value is � 5600 Gaussand the minimum value is � -5600 Gauss.



215Mag Field Limit� - The magnet �eld at whi
h the �eld sweep either stops or 
hangesdire
tions. �Note: the starting �eld and the �eld limit determine the initial sweepdire
tion of the magneti
 �eld. The starting �eld and the �eld limit 
an be 
hangedduring a sweep, but should always remain in the same order of least to greatest when
hanged.# of Turns� - Spe
i�es the number of times the magneti
 �eld sweep 
hanges dire
tions.The turning points are the starting magneti
 �eld and the magnet �eld limit.Mag Field after �nish� - The �eld sweep ends at either the magnet starting 
urrent orthe magnet 
urrent limit depending on the number of turns spe
i�ed. This 
ontrolramps the �eld from it's �nal value to the spe
i�ed value when the program �nishes. Ifthe magneti
 �eld 
urrent is held at a large value for too long the magnet will be
omevery hot and 
ould be damaged.Mag Settle Time (ms) - Amount of time between the time the magneti
 �eld 
urrent is
hanged and any measurement is performed.Temperature (K) - The program keeps tra
k of the temperature using the 340 Lakeshoretemperature 
ontroller. If the temperature falls outside of the allowed temperaturedeviation of the set value the program stops and the temperature light is illuminated.Allowed Temperature Dev (K) - This is the allowed temperature deviation. If thetemperature falls outside of the set temperature +/- this value the program stops andthe temperature light is illuminated.Shutdown Voltage (V) - If the measured voltage minus the Voltage O�set rises abovethis value the program stops and the volt light is illuminated.O�set Voltage (V) - see the Shutdown Voltage de�nition above.



2162400 Meas Curr (Amps) - The applied measurement 
urrent. This may be 
hangedduring measurement, and 
an be set to negative values.Field Step1 (gauss)<�� - Magneti
 �eld step size when the magneti
 �eld is less thanthe value set in Field 1 (gauss). See Field to Zero Multiple also.Field Step2 (gauss)<�� - Magneti
 �eld step size when the magneti
 �eld is greater thanthe value set in Field 1 (gauss) less than the value set in Field 2 (gauss).Field Step3 (gauss)<�� - Magneti
 �eld step size when the magneti
 �eld is greater thanthe value set in Field 2 (gauss) less than the value set in Field 3 (gauss).Field Step3 (gauss)<�� - Magneti
 �eld step size when the magneti
 �eld is greater thanthe value set in Field 3 (gauss).Field 1-4 (gauss)<�� - See �eld step de�nitions above.Field1 to Zero Multiple<�� - When the �eld sweep starts, or immediately after it 
hangesdire
tions the �eld step used between Field1 (gauss) and Zero Field is Field Step1(gauss) multiplied by this value. This is useful for hysteresis s
ans where the inter-esting part of the 
urve o

urs after zero �eld.K.0.10 Temperature Control ProgramsThere are two temperature 
ontrol programs. One is for use with the Janus 
ryostat, andone for the temperature 
ontrol dip probe.The temperature for the Janus 
ryostat was 
ontrolled with the programjanus 
ryo temp
ontrol 340lk.vilo
ated in the vi libraryjanus 
ryo temp
ontrol 340lk.llb.There is also a initialization program in the same vi library 
alled



217Lakeshore 340 janus 
ryostat initialize.vi. The initialization program loads the appropriatethermometer 
urves into the 340, and generally makes the 340 ready to work with the Janus
ryostat.The Janus 
ryostat has two heaters and two thermometers. The ne
k heater and ther-mometer are 
onne
ted to the 10 pin military style 
onne
tor on the panel. The ne
kthermometer 
onne
tions are A,B,C,D and the heater 
onne
tions are G,H. The ne
k ther-mometer should be 
onne
ted to input B and the ne
k heater 
onne
ted to the heater outputon the lakeshore 340. The Heater Output is analogous to loop 1, and Input B to ChannelB in the instrument. The initialization program sets Channel B to 
ontrol loop 1, therebythe ne
k thermometer reading is used to 
ontrol the ne
k heater.The sample heater and thermometer are 
onne
ted throughout the 19 pin military style
onne
tor on the panel. The sample thermometer 
onne
tions are B,C,R,P and the heater
onne
tions are G,K. The sample thermometer should be 
onne
ted to input A. The sampleheater should be 
onne
ted to the Lakeshore Analog Output 2 with a spe
ial 
able that hasa 75 
 resistor wired in series with it. This ensures the total resistan
e of the sample heaterpath is greater than 100 
. See the Lakeshore 340 manual for details. Analog Output 2is analogous to loop 2, and Input A to Channel A in the instrument. The initializationprogram sets Channel A to 
ontrol Loop 2, thereby the sample thermometer reading is usedto 
ontrol the sample heater.Here is a list of some of the important 
ontrols and their fun
tions in the Janus 
ryostattemperature 
ontrol program.Setpoint A (K)- Set value of the sample stage. The Change Setpoint A button must bepressed to 
hange the value in the instrument.Change Setpoint A- See Setpoint A (K) above.P,I,D (A) - Sets the PID values for the sample stage temperature 
ontrol. Values of



218P = 600; I = 300; andD = 0 should provide suÆ
ient 
ontrol. The Change PID (A)button must be pressed to 
hange the values in the instrument.Change PID (A) - See P,I,D (A) above.Heater On / Heater O� - Turns the ne
k heater on and o�. The Change Heater Settingbutton must be pressed to 
hange the value in the instrument.Change Heater Setting - See Heater On/ Heater O� above.Clear Graphs - Clears all points from graphs. Program will 
ontinue to run.The 
ontrols for the ne
k temperature 
ontrol (B) are similar to those for the samplestage (A) shown above. Usually the ne
k heater should be set to 1K below the sample stagetemperature. This allows the stage heater to a
t as a �ne 
ontrol.The temperature 
ontrol program for the dip probe, Probe Temp
ontrol 340lk.vi, lo-
ated in the library Probe Temp
ontrol 340lk.llb, is similar to the program for the Janus
ryostat. The 
ontrols are the same as those in the Janus 
ryostat 
ontrol program. There isalso a initialization program, Lakeshore 340 probe initialize.vi, lo
ated in the library. Theprobe only has one heater and thermometer. The probe thermometer should be 
onne
tedto input A and the probe heater to the heater output on the Lakeshore 340. No spe
ial
ables are required.K.0.11 The IV programsThere are two 
urrent-voltage (IV) programs in the library Crit vs Inj 01 wertz.llb. Thebasi
 VI program is V vs I 01 wertz.vi. This program applies a 
urrent and measures the
reated voltage. The 
urrent is swept from a starting value until a voltage limit is rea
hed.The program then starts again at the starting 
urrent and s
ans in the opposite dire
tionuntil the voltage limit is rea
hed again. The program then stops and saves the re
orded



219data. For a detailed analysis of the measurement timing and te
hnique see se
tion 2.10 and�gure 2.12.Several of the 
ontrols in the VI program are the same as those given in the R vs. Tprogram se
tion (K.0.8) above. Only those 
ontrols whi
h di�er from the R vs. T programwill be dis
ussed here. Here is a list of some of the important 
ontrols and their fun
tionsin the IV program V vs I 01 wertz.vi. Note, the values en
losed in the Set Values box willnot 
hange in the instruments unless the Set Values button is pressed.Flip voltage - when the VI program starts, it takes progressive 
urrent steps until theabsolute value of the measured voltage rea
hes this value. It then starts again at theStarting Current or some % of the 
urrent at 
ip and steps 
urrent in the oppositedire
tion. When the absolute value of the measured voltage again rea
hes this valuethe program stops and saves the re
orded data.Emergen
y Volt. - If the absolute value of the measured voltage ex
eeds this value theprogram immediately stops.Cont. Avg. - this box displays a running average of the measured voltage from the timethe red button is pushed until it is pushed again.Starting Current - This is the 
urrent the IV s
an starts at.Current In
rement - This is the step size of the 
urrent in the IV s
an if Auto Measurebutton is set to o�. This value 
an be 
hanged at any time and 
an also be set tonegative values.� Inje
tion Current - A se
ond 2400 sour
emeter 
an be used to provide this 
urrent atthe same time as the measurement 
urrent. The *Inj 2400 is on/o� button must bein the on position. The value of the inje
tion 
urrent does not 
hange during themeasurement. This is useful for spin inje
tion experiments.



220% of 
ip 
urr. to sub. from strt 
urr - The 
urrent applied when the measured volt-age �rst rea
hes the Flip Voltage setting is multiplied by this number and added tothe Starting Current to 
reate the 
urrent at whi
h the program starts the se
ondhalf of the IV s
an. This 
an save time with symmetri
 IV 
urves. Espe
ially 
riti
al
urrent measurements.Set Values - This button must be pressed to 
hange any of the values in the box in whi
hit is lo
ated. The values do not 
hange in the instruments unless this button is pressed.Auto Measure - This button enables the auto measure fun
tion. Auto Measure 
hangesthe 
urrent in
rement based on the measured voltage.Curr Step1 (< Volt 1) - When Auto Measure fun
tion is on, this is the 
urrent in
re-ment used when the absolute value of the measured voltage is < Volt 1.Curr Step2 (> Volt 1)(< Volt 2) - When Auto measure is on, this is the 
urrent in-
rement used when the absolute value of the measured voltage is > Volt 1 and < Volt2.Curr Step3 (> Volt 2) - When Auto measure is on, this is the 
urrent in
rement usedwhen the absolute value of the measured voltage is > Volt 2.Volt 1 (V) - See Curr Step1 and Curr Step2.Volt 2 (V) - See Curr Step2 and Curr Step3.�2400 Inj is ON/OFF - This button either enables or disables the 2400 that providesthe � Inje
tion Current (A).There is a 
riti
al 
urrent vs. inje
tion 
urrent program, Crit vs Inj 01 wertz.vi, inthe library Crit vs Inj 01 wertz.llb that 
an be used in 
onjun
tion with the IV program,



221V vs I 01 wertz.vi. This program takes a series of IV measurements ea
h with a di�erentinje
tion 
urrent, and plots the results. Note, this program determines what starting mea-surement 
urrent to use (see 2nd Step Mult Const below) in the VI program unless theOverride start 
urrent button is pushed. The 
ontrols are very similar to the VI program.Here is a list of some of the di�erent 
ontrols.Inje
tion Curr In
rement (A) - size of the inje
ted 
urrent steps in the sweep.# of steps - Number of steps in the sweep.2nd Step Mult Const. - This program has the 
apability to measure any non-symmetri

urrent o�set in a measured VI and predi
t the next starting measurement 
urrent tobe used in 
onjun
tion with the next inje
tion 
urrent. However, the �rst VI 
urvemeasured usually has no o�set be
ause the inje
ted 
urrent is zero and the 2nd step
annot be predi
ted. Therefore, the starting 
urrent for the 2nd step is set to theinje
tion 
urrent times this 
onstant.override start 
urrent - If this button is pressed the starting measurement value is thevalue entered in Override start 
urrent (A).Override �rst two steps - if this button is pushed, the program will start at the nextinje
tion 
urrent value after the value entered in Inje
tion Current (A). If the programis used to predi
t the starting measurement 
urrent, all values in the Override boxmust be 
ompleted. The values with the (Prev) label are those re
orded previous tothose without the label. Pos Curr and Neg Curr are the 
urrents at whi
h the 
ipvoltage was attained.There are two VI programs similar to those previously des
ribed, ex
ept they 
arrya label of 2, (Crit vs Inj 02 wertz.vi and V vs I 02 wertz.vi). These programs are nearlyidenti
al to those des
ribed before ex
ept a 2nd voltmeter is used to measure a se
ond



222voltage. This voltage has no 
ontrol over the program (Flip voltage, Emergen
y Voltage,et
.). It is only there to make a voltage measurement.K.0.12 The dI/dV programThe dI/dV program, dI dV wertz 01.vi, lo
ated in the library dI dV wertz 01.llb, uses the7260 Lo
k-in Ampli�er to supply an os
illating 
urrent dI and measures the voltage dV.The 2400 sour
emeter provides a 
onstant 
urrent (I) sweep under the os
illating dI. The
urrent (I) sweeps from the starting 
urrent to the maximum 
urrent, then starts over atthe starting 
urrent and sweeps in the opposite dire
tion until the maximum 
urrent level isrea
hed again. The program then �nishes and saves the re
orded data. The 2182 measuresthe voltage (V) 
reated by the 
onstant 
urrent. Therefore, dI/dV vs. I, dI/dV vs. V, andI vs. V 
an be measured and plotted simultaneously. However, the 
urrent from the 2400remains on while the 7260 makes it's measurements and then pro
eeds to the next 
urrentlevel in the sweep without reversing or going to zero. Making large 
hanges in 
urrent,
auses large noise jumps in the lo
k-in signal that 
an take a long time to settle. There isno noise 
an
elation in the 2182 voltage (V) measurement.The dI/dV program 
ontrols are very similar the IV program 
ontrols given in theprevious se
tion K.0.11. Therefore only the 
ontrols unique to the dI/dV program are givenhere.Applied Magneti
 Field (Amps) - This is just a text 
ontrol that helps 
reate a �le name.It has no 
ontrol over the measurement.Run Number - This is just a text 
ontrol that helps 
reate a �le name. It has no 
ontrolover the measurement.Max Current 2400 - Maximum level of the 
urrent sweep.



223Resistor -The 7260 Lo
k-In puts out an os
illating voltage signal. I usually put a resistorin series with my sample that was mu
h larger than the resistan
e of the sample itself.Then dI is determined as the os
illating voltage divided by the Resistor value. Theresistan
e of this in series resistor was entered here so that dI 
ould be 
al
ulated inthe program.The lo
k-in 
ontrols are fairly self explanatory. Note, many of the 
ontrols work withbuttons that must be pushed in order to enter the value into the instruments. For exampleto 
hange the 2400 
omplian
e voltage (Comp Volt 2400), the nearby Change button mustbe pressed to enter the value into the 2400.



Appendix LSputtering 
onditions for Au and SiO2
Sputtering 
onditions at EMPRLSiO2 (Rear gun or Gun #2)Argon pressure 3 mTorrRF power 125 WattsDistan
e from gun to sample 4 in.Deposition rate 50 �A/min.Au (Front gun or Gun #1)Argon pressure 5 mTorrDC power 50 WattsDistan
e from gun to sample 5 in.Deposition rate 240 �A/min.Table L.1: Sputtering 
onditions for Au and SiO2 are shown for the system inthe EMPRL. See se
tion 2.7 for more details on sputtering and the apparatus.
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Sputtering 
onditions in our lab.AuArgon pressure 3 mTorrTurbo pump rotation speed 450 HzDC power 30 WattsDistan
e from gun to sample 15 
m.Deposition rateSample stage parallel to gun surfa
e 163�A/min.Sample stage at 45o to gun surfa
e 109�A/min.Table L.2: Sputtering 
onditions for Au are shown for the system in our labo-ratory. Note the relation between the deposition rate for the parallel stage andthe stage at 45o is 
os(45) � 163 � 109. Therefore, deposition rates at otherangles 
an be approximated. See se
tion 2.7 for more details on sputtering andthe apparatus.



Appendix MIon Milling Conditions
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Ion mill settingsVB = 300V, VA = 30V, VD = 35V, IB = 3.5mAMaterial �A/mA-min. �A/min (at 3.5mA beam)YBCO < 700�A 34.3 121YBCO > 700�A 39.3 138LSMO < 400�A 19.6 69LSMO > 400�A 29.4 103Au � 73.9 � 259STO � 24.2 � 85LNO � 33.3 � 117A

urate for total distan
es < 1500�A.VB = 100V, VA = 200V, VD = 35V, IB = 5.5mAMaterial �A/mA-min. �A/min (at 5.5mA beam)YBCO � 1.87 � 10.3LSMO � 1.4 � 7.7A

urate for total distan
es < 500�A.Table M.1: Ion milling parameters and rates are shown. The VB = 300Vsettings were used most frequently. The VB = 100V settings were used for
leaning the surfa
e of a material (see se
tion 2.8.2). Sometimes VB = 500Vsettings (not shown) were used for obstinate �lms.



Appendix NSherlo
k Holmes"Quite so," he answered, lighting a 
igarette, and throwing himself down into an arm
hair."You see, but you do not observe. The distin
tion is 
lear. For example, you have frequentlyseen the steps whi
h lead up from the hall to this room.""Frequently.""How often?""Well, some hundreds of times.""Then how many are there?""How many? I don't know.""Quite so! You have not observed. And yet you have seen. That is just my point. Now, Iknow that there are seventeen steps, be
ause I have both seen and observed."- Sherlo
k Holmes speaking with Dr. John H. Watson in A S
andal in Bohemia, writtenby Sir Arthur Conan Doyle in 1891.
228
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