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AbstratManganite and YBa2Cu3O7 (YBCO) spintroni devies were reated and tested.High tunneling magnetoresistane, a high resistane demagnetized state, andapplied �eld angular dependenes were found in manganite magneti tunneljuntions. A swithing signal and applied �eld angular dependene was seenYBCO/manganite spin di�usion measurement devies. Various unique YBCO/-manganite ritial urrent suppression devies were measured and showed rathersmall gains.La0:67Sr0:33MnO3/SrTiO3/La0:67Sr0:33MnO3 (LSMO/STO/LSMO)magnetoresistivetunnel juntions were produed and tested. The juntion resistane was mea-sured as a funtion of temperature and magneti �eld applied at various out-of-plane angles. A tunneling magnetoresistane (TMR) of 360% was found at5K for the LSMO/STO/LSMO juntions. The TMR signal was present up to atemperature of 275K. Angular measurements showed inreased swithing �eldswith similar TMR values. An unusual high resistane state was found when thesamples were demagnetized at low temperatures. Demagnetized samples showedhigher TMR values and sharp swithing 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 juntion quoted above. Di�erenes inresistane between the demagnetized state and the lowest measured resistanestate 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 thikness. La0:67Ca0:33MnO3 (LCMO) / STO / LSMOjuntions were also reated and displayed anomalous temperature and angulariii



ivdependene with varying TMR values.LSMO/YBCO/LSMO spin di�usion measurement devies were reated. Voltagewas measured between a LSMO pad and a gold pad in ontat with a thin YBCOlayer subjet to an injetion urrent from a bottom LSMO layer. A voltage insuh a on�guration has been proposed to be generated by the di�usion of spinin the YBCO layer. Spin-like swithing e�ets were seen. The voltage showedsharp swithing between two states. An inversion in the swithing between thetwo states was found based on the orientation of the sample in relation to themagneti �eld. E�ets 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) ritial ur-rent suppression devies were reated. The ritial urrent of the YBCO wasmeasured as a funtion of urrent injeted 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 injeted polarized spin overpopulation in super-onduting YBCO has been proposed to have a larger ritial urrent suppres-sion than the unpolarized ase. However, di�erenes between the two injetionases are not found to be appreiable. Gains (-dI(C)/dI(Inj)) are found to be �1 - 3 at temperatures from 80K - 20K for both injetion senarios. The largestgain for any devie was � 5, far below the ritial temperature of YBCO.
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Chapter 1Introdution1.1 IntrodutionFour reent major physis disoveries form muh of the basis of this thesis. In hronologi-al order the �rst was Johnson and Silsbee's proposal and onstrution of a spin injetionand detetion devie in 1985, followed by their invention of the bipolar spin swith in 1988[Johnson 1985, Johnson 1988a, 1988b, 1988℄. These devies made possible the measure-ment of the di�usion length of spin within a paramagneti metal. The bipolar spin swithdevie 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 eletrode's develops from and is proportional to an imposed overpop-ulation of oherently aligned spins in the metalli layer. This ondition an be reatedby injeting spins, via a transport urrent, from the bottom ferromagnet into the middlemetalli layer. By manipulating the magnetization of the top and bottom ferromagnetilayers, a hange in voltage an be measured and used to determine the spin sattering ratein the metalli material. Jedema et al. have reently found very good results in Co/Almirostrutures [Jedema 2001-03℄. Presently spintronis is a broadly applied and aeptedonept.Seond was the disovery of high-T superondutivity. In 1986, Bednorz and Muller,disovered high temperature superondutivity 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. disovered super-ondutivity above 77K in another opper oxide, YBa2CuO7�Æ (YBCO) [Wu 1987℄. YBCOwas found to have a transition temperature of 93K. For the �rst time superondutivityould be studied above liquid nitrogen temperatures making it more �nanially attainablefor experimental work and tehnologial appliations. Sine then, an explosion of experi-mental work has been put forth. Even with the large amount of aumulated experimen-tal data, the underlying mirosopi eletroni mehanism of these new high temperaturesuperonduting materials remains a mystery.The third disovery ame in 1993 when the olossal magnetoresistane e�et 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 appliation 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 struture was a good math for the YBCO perovskite strutureand aompanying substrates.The fourth key disovery was giant magnetoresistive (GMR) tunnel juntions. GMRtunneling was developed by Moodera et al. and the pair of Miyazaki and Tezuka at roughlythe same time in 1995 [Moodera 1995, Miyazaki 1995℄. Devies onsist of two ferromagnetsseparated by an insulating layer. Moodera's juntions, made of Co/Al2O3/CoFe, revealed atunneling magnetoresistane (TMR) ratio of up to 10% at room temperature. These exper-iments were almost immediately appliable in tehnologial appliations and revolutionizedmagneti read head tehnology.



3One immediately apparent ombination of the above disoveries is the appliation ofCMR materials in GMR juntions. The high degree of polarization in CMR materials seemsto make their appliation to TMR juntions very promising. But, CMR TMR juntionshave never been found to work suessfully above room temperature and have not usuallydisplayed results indiative of their highly polarized urrent.La0:67Sr0:33MnO3 / SrTiO3 / La0:67Sr0:33MnO3 (LSMO / STO / LSMO) magnetoresis-tive tunnel juntions were reated and tested in this study. Devies showed a large TMR(� 350%) at low temperatures and maintained these swithing e�ets to 275K. The depen-dene on out-of-plane applied magneti �elds was investigated. The TMR magnitude waslargely unhanged while the swithing �elds were found to inrease. Low �eld swithingwas found when the samples were reoriented angularly. The temperature dependene forthe resistane showed evidene of a deteriorated region between the LSMO/STO interfaethat may provide and explanation for the disappearane of the TMR signal below the Curietemperature of the LSMO.A unusual high resistane state was found for perpendiularly demagnetization at lowtemperatures. Demagnetized samples showed higher TMR values and sharper swith-ing in low magneti �eld sweeps than when measured with the standard high magneti�eld sweep tehnique. A TMR � 450% was found at low temperatures, for the sameLSMO/STO/LSMO juntions mentioned above. I-V harateristis were also measuredand �t to a Simmons model. La0:67Ca0:33MnO3(LCMO)/STO/LSMO juntions were alsoreated. The TMR displayed anomalous angular and temperature dependene.A spin di�usion measurement devie, similar to Johnson and Silsbee's bipolar spindevie, was onstruted and tested in this study. YBCO was the metalli material, witha bottom LSMO injetion layer. Two leads, one gold, one LSMO were arranged on eitherside of the YBCO layer. The LSMO pad detets hange due to spin population and the Auats as a ground. A detetion voltage was measured. A swithing signal, whih resemble



4those of the before mentioned TMR juntions, arose for thin YBCO samples. Various leadon�gurations were investigated. The detetion voltage showed sharp swithing betweentwo states. An inversion in the swithing 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�ets, and magnetoresistivebakground e�ets. However, devie 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.Sine 1997, several groups have studied the suppression of ritial urrent in YBCOdue to spin injetion. Devies used to measure this e�et onsist of a ferromagneti layerin ontat with a superonduting layer. Current is applied through the interfae and atest urrent measures the ritial urrent of the superondutor. The imposed spin urrentreates a polarization in what would otherwise be a overall spin neutral system. It has beenproposed this may ause a larger ritial urrent suppression than normal non-polarizedquasipartile injetion. However, results in this �eld of study are widely sattered anddisputed, and reently many early results have been alled into question.Several di�erent ritial urrent suppression devies were onstruted and tested in thisthesis. Unique devies were designed in suh a way as to redue problems assoiated withearlier devies. Comparison between devies made with ferromagneti layers and those withnormal metalli layers yielded little to no di�erene. In general devie gains, (-dIC/dIInj),were small (<5).A great deal of e�ort was devoted to the reation and measurement of the devies,data aquisition programs, and photolithographi proesses presented in this thesis. Theexperimental tehniques presented in hapter 2.1 are intended to provide a lear and onisereord for future projets.



Chapter 2Experimental Tehniques and Materials2.1 Pulsed Laser DepositionPulsed laser deposition (PLD), also known as laser ablated deposition (LAD), is a powerfultool for the experimental physiist. It provides a simple yet e�etive proess for the growthof a wide lass of exoti materials into thin �lm heterostrutures. Materials grown for thisthesis were mostly perovskite rystal oxides. But, PLD growth is far from limited to thesematerials and is a branh of experimental researh unto itself. Good reviews are availablein [Jakson 1994, Saenger 1994, Chrisey 1994℄.PLD has many advantages over other deposition tehniques inluding evaporation, sput-tering, moleular beam epitaxy (MBE), and hemial 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 energysoure (laser) is outside the vauum. Almost any materials an be deposited inludingthose with high melting temperatures. The deposition speies reated during PLD havehigh energies (� 50eV) that promote surfae mobility. Thin �lms of new materials arequikly attainable with PLD, sine deposited �lms roughly reprodue the omposition ofthe target. And, PLD is tolerant of high bakground oxygen pressures ( > 100 mT). But,most importantly, PLD is apable of reating in situ heterostrutures of several materialswith omplex stoihiometries. 5



6

Figure 2.1: Basi PLD on�guration. [Argone National Laboratory Website℄A problem that plagues PLD is the deposition of large partiulates during �lm growth.While in some ases these partiulates are not ritial in determining the eletrial proper-ties of a �lm, they are a problem in thin �lm heterostruture devies. (For YBCO, rougher�lms an atually have a higher ritial urrent by providing more vortex pinning enters[Siegal 1992℄.) Defets an ause leakage urrent and eletrial shorts between layers whihan dominate the devies eletrial properties. With the orret hoie of deposition param-eters and a areful investigation of the growth struture orresponding to those onditions,partile prodution an be minimized. Very smooth and mostly partile free �lms, (< 104partiles/m2), have been reported [Foote 1992, Shilling 1993℄.The Basi PLD apparatus onsists of a stainless steel vauum hamber with an trans-parent optial window. The system is pumped to a high vauum state (< 10�5Torr). Laserlight pulses arrive via the window and impinge on a target material. Material is then ab-lated onto a heated substrate loated opposite the target at low vauum or in a desiredbakground gas.



7In our apparatus, Laser light pulses were provided by an KrF Lambda Physis 305ieximer laser. The laser was �lled with a premixed .097% F: 2.76% Kr: Ne Balane gaspurhased from Spetra Gases. The light produed was of frequeny 248 nm delivered ina 17 ns wide pulse. Light pulses of any energy in the range of 600mJ - 1300mJ ould beprodued by the laser. After a new �ll of gas, the laser ould typially maintain an energy of> 1000 mJ for a one month period, after whih a new �ll of gas was required (see AppendixG for the gas �ll proedure). The ross-setional area of the beam was 1 � 2 m as it exitedthe laser. The laser and the optial table whih ontained all the lenses and ollimatorswere mounted on two tables rigidly seured together.Before the laser beam entered the hamber it was ollimated by a smaller area hole in analuminum plate in order to selet the entral uniform region of the beam area [Shilling 1993,Timm 1996℄. Di�erent area ollimation plates were used to regulate total energy deliveredto the target in order to obtain aeptable deposition rates. The ollimated beam was thenfoused through the hambers quartz window onto the target via an external lens with afoal length of 30 m. The lens to hamber distane was small � 11m. 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 densitiesan damage the quartz. The normal of the target surfae was at a 45o angle to the inidentbeam. The foused spot area are was �.11 m2.The light was foused on the target by plaing a small wire grid on the ollimatorand observing the pattern produed at the target using laser alignment paper (Kentek)[Foote 1992℄. The lens was adjusted in suh a way as to provide a perfet image of theaperture and sreen. Fousing the beam is important in order to prevent a di�use borderwhih would ause a non-uniform ablation region [Dam 1994, Timm 1996℄. The patternshown on the fax paper was also used to measure the foused beam area at the target, byviewing the region under a mirosope and measuring it with alipers.



8The spherial vauum hamber (made by Kurt J Lesker) was 12 inhes in diameter,ontained multiple 3 34 , 6, and 10 inh ports, and was made of 304 stainless steel. Laser lightwas direted into the hamber through a fused quartz window (from Quartz Sienti�) whihtransferred � 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 heked between every 10� 20 runs to ensure the orret energy was present. When the energy loss beame toogreat, the window was leaned in dilute HCl aid (� 10 %), rinsed with distilled water,and then rinsed lean with aetone and isopropanol. If the energy was still too low afterleaning 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 vauum gauges were used to monitor pressure inside the hamber. A BalzersPKR 251 ompat full range vauum gauge was used to monitor pressures <1 Torr. Thedual ompat gauge was primarily used to monitor initial pump down pressures (usually 5�10�7Torr) and the oxygen pressure maintained during deposition (�100 mTorr). The seondgauge was a Granville-Philips 275 mini-onvetron gauge used primarily for monitoringpressure during sample ool down ( � 600Torr) and pressure when venting the system toprevent over pressurizing the hamber. Both gauges were loated on a T-joint attahed tothe hamber. The T-joint prevented deposited materials from having a diret path to thegauge openings. Still, over time (1 � 2 years) gauges would beome overed with materialand had to be leaned aording to proedures 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 whih opened slightly above and



9to the side of the surfae of the heater, with the tube axis direted at the heater. Oxygeninlet tubes direted at the substrate during deposition are found to yield YBCO �lms withhigher superonduting transition temperatures [Singh 1989℄. In some PLD systems theoxygen inlet tubes is plaed very lose to the the target in order to reate a higher levelof atomi and/or ioni oxygen [Inam 1988℄. But, inlets plaed too lose to the target mayinterfere unfavorably by thermalizing the ablated speies [Singh 1989℄. Also, inlet tubesplaed too lose to the substrate may ause non-uniform ooling e�ets due to the loseproximity [Shilling 1993℄.Substrates, onto whih material was to be deposited, were glued to a heater using silverpaste (from Aremo, part 597A) whih was diluted with distilled water. Glue that wastoo strong made substrate removal after deposition diÆult, 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 blok (larger than the entire heatersurfae) to ensure a at surfae and prevent poor surfae ontat 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 plae and blowing should always be done under thefume hood.) Then the heater was wiped lean with a lint free leanroom towel (tex wipes),aetone, and isopropanol.The glued substrate was slowly warmed to 80oC and baked in air for a few minutesprior to plaement 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 quikly andprovide better adherene than would be ahieved with room temperature drying. Usuallymaximum substrate size was 1 � 1 m subjet to PLD uniform deposition area.The heater stage onsisted of a oiled heating wire lamped between two 50 mm � 50mm � 1 mm Inonel plates (from Goodfellow). The formula for Inonel is Ni72/Cr16/Fe8.



10Inonel was hosen for its its exellent thermal ondution. The heater plates were isolatedfrom the rest of the stage by erami Al2O3 posts (from Ceramaseal). The posts weremounted on a mehanism that allowed ex situ x-y-z adjustment of the stage (See AppendixH for shematis of the heating stage). The heater plates and posts were enlosed in a thinInonel sheet box to lower radiative heating of the hamber and the heater base.The heating wire was omposed of a nikel/hromium enter wire with a magnesiumoxide insulating sheath enlosed by a stainless steel sheath (available from Thermooax).The total resistane of the heater at room temperature was � 7 
. To prevent damage tothe hambers eletrial vauum feedthrough, the resistive heating wire oil was isolated byattahing both ends to low resistane 'old wires' near the heater plates. The old wire wassimilar to the heating wire above exept it had a zironium opper enter ondutor (Alsoavailable from Thermooax).A non-shielded thermoouple, with .015 diameter wire leads, (Type K made by OmegaEngineering In.) was spot welded to the bak heating plate in order to protet it fromdeposited materials and make sanding and leaning of the front heater plate easier. Thisyielded a temperature reading that was slightly above the atual substrate temperature ( �50oC higher). Although the temperature reading was higher, it was onsistent. In general,for PLD, atual 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 thethermoouple were Nikel and Chrome. The eletrial vauum feedthrough had a nikel anda hrome lead, and the wire that onnets the feedthrough to the temperature ontrollerwas also nikel and hrome (from Omega). This was done to prevent thermal EMF's fromausing variations in the temperature readings during deposition. Although all attemptswere made to isolate the leads, some slight heating still ours.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 bak loop. PID values for the heater were P = 50, I = 40, D = 7. These valueswere attained by following the proedure set forth in the temperature ontroller manualin order to obtain a ritially damped response. These settings were found to yield exel-lent temperature ontrol from 200 - 900oC in a variety of oxygen pressures. The heaterwas apable of reahing temperatures up to 900oC (6.5 Amps). Temperature of the heaterould also be monitored by an external infrared pyrometer by viewing the heater througha window. The emissivity of Inonel 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 thermooupleis weak and may detah. This an have devastating e�ets if it goes unnotied 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 neessary. On oneoasion, a unlimited heater in our lab melted when the thermoouple beame unattahed.In PLD, Several materials an be ablated in situ to form omplex heterostrutures. Inour system this was aomplished by having the targets mounted on a rotation arousel.Cirular targets with a typial diameter of � 2.5 m and thikness of 3 � 10 mm, werelamped in 306 stainless steel holders whih ould be rotated inside the hamber via anexternal motor (� 7 rotations per minute). These holders themselves were attahed to arotational arousel, making it possible to selet any of up to 4 targets for in situ heterostru-tural deposition. (See Appendix H for arousel and target holder design.) The laser fouswas usually plaed half way between the enter and the outer edge of the target. Targetshave a tendeny to be of a more uniform onsisteny near their enters due to the sinteredpressing proess.Target to substrate distane for all targets was � 8 m. The length of the plume is a



12funtion of laser energy and oxygen pressure [Goerke 1995, Inam 1988℄. These parameterswere adjusted to plae the surfae of the heater just inside the edge of the visible ablationplume. In YBCO studies, while smaller distanes promote smoother �lms, distanes of8-10 m yield �lms whih are more homogeneous, have better stoihiometry, and haveaeptable defet levels < 105 partiles/m2 [Goerke 1995, Shilling 1993, Heinsohn 1997℄.This target-substrate distane also fell within in a ommonly used model predition fordistane vs. pressure for YBCO [Kim 1992℄.The vauum system was pumped with a water ooled Turbo moleular pump with apumping speed of 180 l/se (Balzers model TPU 180H) baked by an oil-less rotationalpump with a pumping speed of 7 m3/h and a possible base pressure of 2 mbar (VauubrandMD8 by Elnik). The maximum rotational speed of the turbo pump blades was 830Hz.The rotational speed was lowered to 200 � 400 Hz in onjuntion with the introdutionof 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 Eletroni StrutureThe �rst suessful YBa2Cu3O7 PLD thin �lms were made by Dijkkamp et al.[Dijkkamp 1987℄. The rather simple prodution of these omplex stoihiometri �lms, om-bined with the euphoria of the disovery of their > 77K superonduting transition tem-perature, vaulted the previously obsure pulsed laser deposition tehnique to the forefrontin thin �lm prodution.YBa2Cu307�Æ (YBCO), Yttrium Barium Copper Oxide, has a perovskite struture.When the oxygen doping, 7-Æ, is greater than 6.4, it is a type-II superondutor (see �gure2.2). YBCO is optimally doped, that is attains it's highest T at 7-Æ = 6.95. For the
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Figure 2.2: Strutural phase diagram of YBa2Cu3O7. [Mourahkine 2002℄superonduting doped regime YBCO has an orthorhombi struture (a,b,and  axis areperpendiular and have di�erent lengths). The lattie 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 vetor parallel to the normal vetor of the substrate. A-axis �lms havethe a-axis perpendiular to the surfae normal. Both a-axis and b-axis �lms are referred toas a-axis sine the a and b lattie onstants are so lose it is diÆult to distinguish betweenthe two [Inam 1988℄.The YBCO struture 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 eletrially.Y has a valene of +3. Outside the CuO2-Y-CuO2 sandwih lies a BaO plane and Cu-Ohains. The Ba has a valene of +2.



14A good way to think of the YBCO struture (see �gure 2.3) is as two primitive unitells of BaCuO3�x with a unit ell of YCuO3�y in between [Olsson 1994℄. However, theouter ends of the struture the BaCuO3�x ubes are missing the oxygen atoms in the a-axisdiretion. The remaining O-Cu-O's in the b diretion diretion are often referred to as theopper oxide hains.The parent ompound of YBCO is oxygen under-doped YBa2Cu3O6. YBa2Cu3O6 is anantiferromagneti Mott insulator. Mott insulators are materials in whih the ondutivityvanishes with dereasing temperature even though band theory would predit it to bemetalli. In a Mott insulator the ondution is bloked by eletron-eletron repulsion.When YBa2Cu3O6 is hole doped, by adding oxygen, it beomes a metalli super-ondutor (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 aepted that the superondutiv-ity takes plae in the opper oxide planes and the Cu-O hains at as a harge reservoir.Theoretially an oxygen atom takes two eletrons from another atom. But when oxygenis doped into YBCO, the number of holes reated is not exatly 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 preisely two holes. And, in the overdopedregime, a doped oxygen adds only one hole. The eletroni mehanis of YBCO are indeedomplex.In YBa2Cu3O7, the CuO2 planes above and below the Y are also slightly pukered suhthat their oxygens lean towards the enter Y. It has been found that the T of a upratesuperondutor is related to the bukling angle of CO2 planes suh that the atter planehas the higher T [Chmaissem 1999℄.
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Figure 2.3: The YBa2Cu3O7 orthorhombi unit ell. [Mourahkine 2002℄2.2.2 Typial Ablation CharateristisThe YBCO target used to make the thin �lms presented in this thesis was a �ne grain pressedtarget with near 100% density purhased from a private ompany. For details on makingYBCO targets see [Wu 1987, Shilling 1993, Jorgensen 1987, B�orner 1989, Yan 1987℄. Thetarget was leaned before eah deposition by sanding it with �ne grain sand paper and thenblowing it lean with a nitrogen gun. The sanded surfae was blak with a shiny sandy tex-ture. Polishing the target redues the prodution of partiulates on the deposited �lms sur-fae [Jakson 1994, Chang 1990, Wellstood 1993, Inam 1988, Timm 1996, Kingston 1990℄.Before deposition the surfae 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 partiles are ejeted in the�rst several ablations of a newly sanded target. Partile prodution falls abruptly after the3-4 pulses are applied [Kumuduni 1995℄.A uoresent plume is emitted from a target during pulsed deposition. Exited atomi
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Figure 2.4: Formation of one like strutures on the ablated surfae of a YBCOtarget. The target surfae is shown after (a) 0, (b) 10, () 150, and (d) 2000laser shots to the surfae. The view is along the inident laser beam whih wasat a 45o angle to the target surfae. [Foltyn 1991b℄speies are reated in the rapid evaporation of material. These exited moleules deay andemit light. This is espeially 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[Jakson 1994, Dyer 1990℄.Laser light arrives at a 45o degree angle to the normal of the target surfae. The plumehowever, when ablation �rst begins, is initially direted along the normal of the surfaeof the target. As deposition ontinues the plume tilts from normal to the target surfaebak towards the line of the impending laser light. This was partiularly apparent with theYBCO target.This tilt is aused by the hanging surfae of the target as material is ablated away. ForYBCO, The initially smooth surfae begins to develop one like strutures whih grow inthe diretion of the impending light [Kumuduni 1995, Foltyn 1991b℄. See �gure 2.4.



17The ones reah an equilibrium height after several ablations. At this point, theones have a tendeny to ake o�, ausing partiulate to be deposited on the �lm surfae[Willmott 2000, Timm 1996, Kingston 1990℄. The target was sanded before every deposi-tion to keep the plume entered and prevent the target surfae 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 piee of silionsubstrate. The substrate was lipped to the heater with spot welded Inonel strips. Adeposition was then made with all deposition parameters unhanged exept for the sub-strate temperature whih was held at 500oC. Higher temperatures ause the silion to reatwith the oxygen and YBCO, destroying the surfae [Fenner 1991℄. After a relatively thikdeposition (> 2500�A) a lear deposited enter is visible by eye on the silion. This silionsample an also be used to determine a fairly aurate deposition rate by wet ething awaysome material and using a pro�lometer to measure the step height. Dilute nitri aid wasused to eth the YBCO [Shih 1988℄. A better deposition rate is investigated in the sameway exept from a deposited �lm made at the determined deposition parameters. This kindof auray is important for �lms that are to be grown for devies with ultra-thin layers (<100�A).When growing heterostrutures it was ritial to ensure all target surfaes had thesame distane from the heater. A small disrepany in height between targets aused theirdeposition enters to be o� relatively, making uniform multilayered strutures of the orretdesired thikness impossible to reate, espeially in the ase of layers with thikness lessthan 200 �A. The height of the target surfae from the steel holder baking plate was 18 mmin our system, and the target to heater distane was 8 m.



182.2.3 YBCO deposition parametersDeposition parameters for the suessful growth of YBCO were found through an exhaus-tive searh. The fous was to make �lms as smooth as possible while maintaining highsuperonduting transition temperatures. The determination of the best parameters is adiÆult proess. Substrate temperature, oxygen pressure, target-substrate distane, laserenergy, target density, frequeny of applied laser pulses, and initial target surfae ondi-tions all play a role in �lm prodution and are dependent on eah 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 idealonditions [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 partiular 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,Shweitzer 1995℄.Oxygen pressure was held at 100mTorr for deposition. This is obtained with a 100SCCM oxygen ow and the Turbo pump rotational frequeny � 350 Hz. Higher pressuresause mixed phase growth ( and a axis mix) ausing broader superonduting 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 thermoouple on the bak of theheater. It should be noted that sine this sensor was shielded and isolated from the the restof the hamber it's reading, while onsistent, was slightly higher than the atual substratetemperature. Infrared measurements made by a infrared pyrometer on the front heater



19plate yielded temperatures � 780oC. The emissivity of Inonel is � � = 0.9 at 800oC. Alldeposition temperatures quoted in this thesis are those of the thermoouple mounted ontheheater unless otherwise noted. Higher temperatures, > 815oC, yielded damaged sampleswith no transition temperature and a loudy grainy appearane. Lower temperatures,<790oC, provided mixed phase a and  axis growth [Chang 1990, Shilling 1993, Wu 1994,Goerke 1995, Mukaida 1990℄. Indeed, temperature is a ritial parameter in the growthof YBCO, with deviations as little as 10oC ausing disernable e�ets both visually andeletrially [Inam 1988℄.The laser energy was set to yield a 1.3 J/m2 energy density in a 0.11 m2 area fousedon 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 stoihiometry [Dam 1994℄. Higher energies were found to yield'splashing' of large partiles on to the substrate surfae. By keeping the energy lose to thelower limit of ablation, partile prodution is minimized [Willmott 2000℄.The frequeny of applied pulses was 4 Hz. Pulse frequeny variation between 1 - 10 Hzhas not been found to be a signi�ant fator in YBCO thin �lm growth [Heinsohn 1997℄.This frequeny was hosen to be within the range of 1 - 10 Hz and inommensurate withthe frequeny of the target rotation (� 7 rotations/minute).Deposition oats the inside of the hamber windows and over time an ause signi�antredution of transmitted light. Energy transmitted into the hamber should be hekedoften by use of the Moletron 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, Ee 1994,Zheng 1992, Mukaida 1990, Mukaida 1992, Ol�san 1993, Shweitzer 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 reahes zero was � 89K. The transition width, ÆT the temperaturewidth in whih the superonduting transition takes plae was � 1K. Typial resistivity,�, at 300K was 5x10�4
-m. Typial resistivity at 100K was 2x10�4
-m. Yielding aresistivity ratio of �(300K)/�(100K) � 3 whih mathes a standard often used in the deter-mination of YBCO �lm quality [Kim 1992, Jakson 1994, Mukaida 1990, Mukaida 1989℄.X-ray di�ration data displayed lear peaks onsistent with -axis YBCO growth. Theritial urrent density at 77K was found to be on the 10�6Amps/m2.For most devies in this study it was neessary 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�et on the top grown YBCO.The transition temperature generally dropped by about 5-10K, and the transition widthinreased to 3-6K. A resistivity ratio was hard to determine for YBCO heterostruture sineany resistivity measurement also measured the bottom layers resistane in parallel. Critialurrents of suh strutures are the subjet of hapter 5.2.3 La0:33Sr0:67Mn03 and LaNiO3 deposition2.3.1 LSMO and LNO Crystal and Eletroni StrutureLa0:33Sr0:67Mn03 (LSMO), lanthanum strontium magnesium oxide, is a olossal magnetore-sistive (CMR) ferromagneti material with a perovskite rystal struture. It has a pseudo-ubi struture with a lattie parameter of a = 3.87�A. This lattie struture and parameteris a lose math to STO and YBCO, making LSMO a good andidate for heterostruturalgrowth of superondutor/insulator/ferromagneti devies.LSMO is referred to as a olossal magnetoresistive material due to its large hangein resistane with applied magneti �eld. However �elds required to generate appreiable



21e�ets are � 1 Tesla. LSMO is predited to have highly spin polarized urrent whih 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 valene 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 eletrons.The spins of eletrons that oupy these outer shells point in the same diretion due toHund's rule oupling and oupy 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 oupied by one eletron. This state is referredto as eg. The two levels have a dx2+y2 and d3z2+r2 on�guration. The three remaining levelsontain three eletrons 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�et. The Jahn-Teller theorem states that a magneti ion in a rystal site inwhih the symmetry prevents the orbital degeneray from reahing an energy minimizedon�guration, will lower it's energy by distorting the rystal in suh a way as to lower thesymmetry enough to remove the degeneray. 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 unhanged for aMn+4 ion. Therefore, Mn+3 ions have a larger tendeny to distort their loal environmentthan Mn+4 ions do.In LaMnO3 the eg eletrons are unable to move due to the strong oulomb repulsionand the Hund's rule oupling. There is a anti-ferromagnet (AF) superexhange interationbetween the well loalized t2g eletrons, whih 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, skethed onthe right, lifts the degeneray 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 valene of +4.Neighboring Mn+3 and Mn+4 ions, in the on�guration Mn+3-O-Mn+4, an exhange theirvalene by the simultaneous jump of an Mn+3 eg eletron to the O p-orbital and an Op-orbital eletron 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℄. Thedegeneray 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-ferromagnetiexhange interation, this interation is overome in order to gain the kineti energy as thenumber of vaant eg inreases. As a result the AF phase hanges to a ferromagneti phasewith doping.This mehanism of the arising ferromagnetism and a metalli state is termed the "doubleexhange" mehanism and was �rst devised by Zener as an early explanation the ondutionmehanism of doped LaMnO3 [Zener 1951℄. This model provides a good explanation forondution in the system, however, it has not been found to provide a adequate explanationof the CMR e�ets. As of today there is not an agreed on explanation of the magneto-resistane and ondution of CMR materials. A good review of CMR materials and theoryis provided by Dagotto [Dagotto 2001℄.LaNiO3 (LNO), Lanthanum nikel oxide, is a normal metal with a perovskite lattiestruture similar to LSMO. It's lattie parameter is a = 3.83�A, also making it a goodandidate for heterostrutural growth of superondutor/insulator/normal metal devies.LNO has a good metalli behavior, a low resistivity, and generally maintains a smoothsurfae 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: Eletroni 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 respetively. 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 struture. [Lyonnet 2000℄



25(see above). Plume tilt during deposition was not as dramati as YBCO, but partile'splashing' began to take plae 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 studentRik 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 suessful growth of LSMO and LNO were found throughan exhaustive searh. The fous, 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 thik(>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 heterostruture layers were foundto require at least 200 mTorr to assure the �lms reeive enough oxygen. For the LSMO,the ferromagneti transition or Curie temperature, Tp (the temperature at whih LSMOhanges 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 allowane for temperature deviation for thiker �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 fousedon 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 partileson to the substrate surfae. The frequeny of applied pulses was 4 Hz. Some growthdependene on frequeny was seen by atomi fore mirosopy (AFM). Slower frequeniesdid not neessarily yield smoother �lms. 4 Hz was determined to provide the smoothest�lms for frequenies less than 10Hz.These onditions lead to deposition rate � 0.5�A per pulse for both LSMO and LNO,whih 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. Typial resistivity was 2000 �
-m at 300K, and 400�
-m at 100K.X-ray di�ration data displayed lear peaks onsistent with -axis growth. For LNO, a500�A �lm grown on STO substrate yielded a lear metalli behavior. Typial resistivitywas 1400 �
 at 300K, and 840 �
 at 100K. Films were found via AFM to be very smoothand largely defet free.2.4 SrTiO3 depositionSrTiO3 (STO), strontium titanate, is a insulator with a ubi perovskite rystal struturesimilar to that of LSMO and LNO (see �gure 2.8). It's lattie parameter is a = 3.905 �A.Table 2.1 shows the lattie mismath 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 purhased �ne grain pressed STO target purhased wasinitially used for deposition. A better single rystal target was later. Films produed bythe single rystal target were far superior in both smoothness and �lm harateristis 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 foused on the target. This orresponded to a laser



27output energy of 700mJ with the 15mm x 8mm aperture. The deposition rate at theseonditions was � 1�A per pulse. Films were found via AFM to be very smooth and largelydefet free. For a omplete table of STO PLD parameters see Appendix F.These onditions were found primarily during the development of magnetoresistive tun-nel juntions presented in hapter 3. Juntion measurements yielded an estimated valueof the resistivity of the STO layer of 2x104
-m. See the magnetoresistive tunnel juntionsetion 3.2.1 for more disussion of STO �lm properties.2.5 SubstratesFor this study STO (001) was the insulating substrate of hoie due to its' smooth surfaeand 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 oasion. Both also have a perovskite rystalline struture. AlthoughLAO has a step like surfae whih an ause twinning in �lms and also does not make itideal for photolithographi proessing later on. Table 2.1 shows the YBCO, LNO, LSMOlattie mismath with three mentioned substrates. The lattie mismath Æ is de�ned byÆ = (aPsubstrate � aPbulk)=aPsubstrate (2.1)where aPsubstrate and aPbulk are the lattie onstants of the substrate and bulk rystalrespetively. Positive values orrespond to tensile strain and negative values provide om-pressive strain All lattie onstants, exept YBCO and LNO, were obtained from YufengHu [Hu 2004℄.STO was thermally treated before �lm deposition. To remove ontamination and uni-formly terminate the surfae, the STO substrate was annealed in 100mT of oxygen for 10min. at 900oC. This annealing step has been shown to yield well ordered STO surfaes[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: Lattie mismath of materials and substrates. The lattie mismathÆ is given by Æ = (aPsubstrate�aPbulk)=aPsubstrate where aPsubstrate and aPbulkare the lattie onstants of the substrate and bulk rystal respetively. (YBCO[Mourahkine 2002℄, LNO [Garia-Munoz 1992℄)terminated surfae for NGO3 [Ohnishi 1999℄. There is also a standard hemial treatmentfor STO followed by a similar annealing step that is often used to yield an atomially atsurfae [Kawasaki 1994℄. The proess involves ething the substrate in a bu�ered hydrou-ori aid eth. This proess was done for several substrates , but no apparent e�ets werepereived in devie properties. Therefore, the proess 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 ContatsGold (Au) was used to make ontat to samples in order to make eletrial measurements.Gold was evaporated onto samples immediately after their removal from the PLD depositionhamber. YBCO is espeially suseptible to surfae damage aused by water [Yan 1987,Sheats 1993, Huh 1998, Barns 1987℄. LSMO and LNO surfaes were found to also degradeover time, but not as quikly and severely as YBCO. Au was found to yield negligible surfaeresistane (value < 10�6
m2) when immediately deposited on YBCO, LSMO, and LNO.To evaporate gold, samples were plaed in a stainless steel vauum hamber similar tothat of the before mentioned PLD system (setion 2.1). Upon evaporation both the sample



29and the stage ould beome warm due to the hot evaporation soure. Therefore, a metallamp was used to hold the samples inside the hamber rather than adhesive whih an ausesigni�ant outgassing and ontamination upon heating. The vauum system was pumped to< 10�6Torr before deposition, via a turbomoleular pump (TMP) with a 210L/se pumpingspeed (Balzers model TMU 261 P) baked by a oil-less rotational pump with pumping speedof 7.5m3/h and a base pressure of 2mbar (Vaubrand by Elnik Systems model MD 8). TheTMP was held at full speed (1000 Hz) during evaporation. Typially pressure rose from< 10�6 to � 2�10�6Torr during deposition due to outgassing of the hamber upon heatingfrom the soure.Distane from the soure to the sample turned out to be of ritial importane. WhenYBCO samples were too lose (� 6 inhes away), the surfae of the YBCO would beomedamaged due to soure heating. This in turn aused a huge ontat resistane between thegold and the YBCO (� 1
m2). Contat reovery attempts were made by post-oxygenannealing, but were unsuessful. Also, the annealing aused the Au �lms to de-wet on thesurfae of YBCO [Jia 1990, Roshko 1991℄. Therefore, samples were kept at the maximumdistane from the soure as allowed by the hamber (12 inhes), and the deposition rate waskept low, 0.9�A/se. These onditions yielded a negligible ontat resistane of Au/YBCOwhen deposited on new and unproessed YBCO �lms.Tungsten evaporation boats were purhased from Kurt J. Lesker (part numberEVSME5005W). The boats were held between two brass lamps onneted to a powersupply external to the hamber. Three to four 1 mm diameter gold pellets were plaedin the tungsten boats (Purhased 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 boatsresistane 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 produed a deposition rate of 0.9 �A per seond at 34 volts. 0.9 �A per seond wasused for deposition. The rate and thikness was measured by a thikness monitor (In�onXTC/2) loated just to the side of the entered samples, and at the same radius, 12 inhes,from the boat as the samples. (The tooling fator for the XTC/2 in this on�guration was104.4.)Before deposition, the samples and thikness monitor were shielded and the soure 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 typially 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 inhes to the soure. Athikness 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 ethed with TFA gold eth and keepits hold to the YBCO when soniated in an ultrasound (see next setion Photolithographiproessing). Gold that is thiker than 1000�A should not be soniated. It will most likelypeel o�.2.7 SiO2, Au, and Cr sputteringIn the devie fabriation proess it was often neessary to deposit a layer of silion dioxide,SiO2, in order to allow gold leads to ontat entral regions of a devie 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 Eletroni Materials and Proessing Researh 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 inh diameter, 1/4 - 1/8" thik targets and were at a distane of 4-5 inhes from thesamples. The samples were plaed on a stage that ould be rotated in situ to move thesample under either gun. The sample stage was unooled. While this allowed some warmingto our during the depositions, the samples never reahed a temperature > 100oC. Thevauum system was pumped to a base pressure < 5 �10�7 Torr before deposition. A shutterwas available to protet the samples while targets were pre-sputtered for 3 mins. This wasdone to remove any surfae ontaminants on the target.SiO2 was RF sputtered with an applied power of 125 watts (with � 5 watts of reetedpower) in a 3mTorr bakground pressure of argon. These onditions yielded a depositionrate of 50�A/min. Sputtering rates are very dependent on bakground pressure, and arefound to inrease with dereasing pressure. Deposited �lms were typially 2000 � 4000 �Athik, or at least thik enough to ensure any neessary step height was overtaken by at least1000�A . The SiO2 target was 1/8" thik and 99.995% pure (from Kurt J Lesker).Gold and Chromium were DC sputtered at an applied power of 50 watts in 5mTorrbakground pressure of argon. These onditions yielded a deposition rate of 240�A/min forgold. Deposited gold �lms were typially 3000 � 4000 �A or at least thik enough to ensureany neessary step height was overtaken by at least 1500�A. Gold layers deposited over astep that are too thin yield no ontat, or ontats that are weak and break upon sampleooling. Chromium �lms were typially only 20 � 40�A thik. This thikness is more thansuÆient to enhane the bond strength of Au to the SiO2. For a omplete table of sputteringonditions see appendix L.DC sputtering was also available in our own lab. The sputtering gun shared a vauumhamber with a ion mill (see Au/YBCO reovery in setion 2.8.2). The hamber andpumps were similar to those used in the evaporation and PLD systems (see PLD and goldevaporation setions 2.1 and 2.6) The sputtering gun, made by AJA Corp., held a 2 inhdiameter, 1/4" thik gold target from Kurt J. Lesker. Samples were plaed on a �xed



32water ooled sample stage 6 inhes from the gun. Sputtering at 30 watts in a 3 mTorr(4x10�3mbar) bakground pressure of Argon yielded a deposition rate of 163�A/min whenthe fae of the sample was parallel to the surfae of the gun, and 109�A/min when the fae ofthe sample was at a 45o angle to the gun surfae. 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 ProessingAll heterostrutural devies were patterned using photolithographi tehniques. ShipleyMiroposit S1811 photoresist (1811) was spun on samples and patterned to allow sele-tive ething of the thin �lm heterostruture. See Appendix J for exat photolithographiproessing parameters.First a 1.1 �m layer of Shipley 1811 photoresist was spun onto the sample. Notie the"11" in 1811 orresponds to the thikness of the resist (1.1 �m) when the resist is spun atthe standard speed and time of 4000rpm for 40 seonds. See �gure 2.9 for the thikness andspin speeds of the Shipley 1800 series photoresists.Shipley 1827, and 1805 were also available. 1827 was a little thik 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 faility is atually 1827 whih is diluted on site. A mixture of100mL of 1827 with 40mL of Type-P Miroposit thinner yields 1811 resist. The spin timesgiven above were typial for most 1811 onotions. Thikness should always be hekedwhen a new bottle of resist is used.The samples were spun at 4000 rpm for 40 seonds. Samples were then soft baked at100oC for 1 minute and then ooled on a room temperature metal blok 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: Thikness vs spin speed for Shipley Miroposit S1800 series photo-resist [Shipley Company℄.this study. One was proessed by the MRI at Penn State. The other two were proessedby a professional ompany alled HTA Photomask. Masks designs were initially drawnwith Autoad software. In industry, masks are usually drawn with a program alled L-Editwhih reates a �le type that works well with most mask writing equipment. Autoad �leshad to be onverted into suh �les. HTA Photomask harged a fee for this onversion. Inhind sight, it is muh better to write masks with L-edit. New editions of this softwareare muh better than what available at the onset of this study. The MRI had troubleonverting Autoad �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 purhased from aompany alled Nano�lm in order to make additional opies or ustom patterns.One a sample was aligned with the mask it was exposed to UV light (See Appendix J for



34preise times). Alignment proedures and equipment ontrols are available in a publiationo�ered by the EMPRL, and are fairly aurate as long as the photoresist thikness is orret[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 seonds, plaedin 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 seonds with agitation.SiO2 was patterned with a lifto� proedure. That is, �rst the photoresist was patterned,SiO2 was deposited on top, and then the photoresist was removed with aetone lifting o� anyunwanted SiO2 and leaving behind the desired pattern. It was often diÆult to remove smallisolated areas of resist in this proess. Ultrasounding samples helped as well as warmingthe aetone if lifto� was a problem. The boiling point of aetone is about 80oC. Warmingwas done just below this temperature. Care should be taken not to allow the aetone toompletely dry out. If this ours a layer of ontamination is reated on the surfae of thesamples that is for the most part impossible to remove. For very diÆult lifto�s, soakingthe sample overnight in aetone usually worked. In most ases the remaining patternedSiO2 adhered well to any perovskite material used in this study.YBCO ould be wet ethed with dilute nitri, phosphori, or sulfuri aid. A mixture of1:400 nitri aid to water ethed YBCO at approximately 2000 �A/min. A mixture of 1:20phosphori aid to water ethed YBCO at approximately 1000�A/min. The phosphori ethwas found to leave behind a residue in ethed areas. While LSMO was undamaged by theYBCO ethes, LNO was readily ethed by both. There is always a ertain amount of underething when wet ething is used. For the YBCO, an under-eth of at least 1-2 �m alwaysourred if the YBCO �lm was to be entirely ethed away. This should be onsidered inany photomask design.LSMO and LNO ould be ethed with a 1:10:100 mixture of sulfuri aid, hydrogenperoxide, and distilled water. The ething rate was 2000�A/min. This mixture ould also be



35used to eth other CMR materials suh as LCMO and PSMO. This eth, however, wouldusually destroy any YBCO present in the sample. LNO ould also be ethed with dilutephosphori aid and nitri aid.Thin gold layers were ethed with TFA gold ethed (purhased from Transene Company,In.), diluted in a 1:1 mixture with distilled water yielding an ething rate of 2000�A/min.For thiker layers (� 5000�A) the TFA to water ratio was inreased to 2:1 respetivelyallowing a ething rate of 5000�A/min. The TFA, whih 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 ethed with a solution (purhased from Transene Company,In.) whih ontained nitri aid. Therefore Cr was often patterned with a lift o� proessto prevent damaging lower layers.While wet ething was very suessful for ething away the top gold ontats, and alsovery useful for single layer �lms, several problems were enountered when ething YBCO,LSMO, STO and LNO heterostrutures. First and foremost the eth used for LSMO andLNO would ompletely destroy any above or below layers. Also, under-ething was alwaysa problem. It was often very diÆult to obtain devies that had features < 20�m. hetero-strutures whih inluded thin STO barriers often left behind some residue afterwards. STOis only readily ethed by hydrouori aid whih was far to strong (as well as extremelydangerous) to use in onjuntion with LSMO,YBCO, or LNO. A better and more preisemethod of ething the �lms was realized in ion milling.2.8.1 Ion millingA broad beam argon ion mill (Veeo/Commonwealth Sienti�) was used to eth the hetero-struture devies and was found to be very suessful. The mill used standard ollimatedgrids to reate a 3m diameter uniform milling area. To obtain a high auray milling



36rates, samples were usually kept inside a 2m diameter region. The beam arriving at thesample had a neutral harge. The ion mill had a �lament loated in the path of the exitingions. When heated via an applied urrent, this �lament supplied eletrons to the ion beamto provide the neutralized beam. The �lament urrent was automatially ontrolled by thepower supply in suh a way as to provide total beam neutralization (TBN mode).For most ething a 300 volt beam voltage (Vb) provided ions with suÆient energy to eatthrough Au, YBCO, LSMO, LNO, and STO layers at an aeptable rate while still allowingaurate timed ontrol of the total ethed distane. A 100V beam was used in some speialappliations (See Au/YBCO ontat reovery setion 2.8.2). A 500V volt beam was usedto eth MgB2 �lms and some other appliations.For broadbeam ion milling, the beam urrent (IB) is limited by the total of the beamvoltage (VB) and the aelorator voltage (VA), VTot = VB + VA [Kaufman 1989℄. Themaximum allowed IB an be found by plotting the aelerator urrent as a funtion ofbeam urrent. When the dependene 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 soure via a ow ontrollerfor all settings of the mill. With the turbo pump running at full speed (830 Hz), this gasow 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 atual argon pressure 6 � 10�4 Torr.)It is important to allow an open ow area from the turbo pump to the ion soure freeof any formidable obstales. The turbo pump was just strong enough to allow a plasma todevelop in the ion the soure. Any large obstrutions between the soure and the pumpreated a higher ambient pressure > 10�3 Torr whih wouldn't allow a stable plasma to bereated. The broad beam soure also requires a large open area from the end of the ion



37soure to the sample stage. At one time our ion gun was mounted in an hamber extensionwith a small diameter (4.5 inhes). In this on�guration, the ion gun would often sputtermaterial from the walls of the extension on to the sample surfae reating a ondutinglayer even when �lms had been milled through to an insulating substrate. In a privateommuniation with Veeo/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 plae using 'GE varnish' (from Lakeshore,part VGE-7031). The varnish has exellent thermal ondutivity and low outgassing in thevauum environment. Liquid nitrogen was ontinuously owed at a slow rate to the stageduring deposition. Cooling was done to protet samples from any soure indued heatingand to redue 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 bak into the gun. This protets the gun and allows longer �lamentlife. While a slight shadow e�et may take plae due to the angle of the beam to thesample, a 1000�A �lm would only be under ethed by 0.05 �m. This is negligible in most ofour devies where the smallest feature � 10 �m. The distane from the sample to the iongun soure was 15 m.Ething rates were determined by timed ion milling of test samples whih were measuredafterward with a pro�ler (Dektak III). Rates were found to di�er as a funtion of total milledtime. Faster rates were found for smooth unmilled samples. As milling time inreased therate was found to derease. This may be due to the inreased roughness of the surfae withmilling. In a simplisti model, momentum transfer of the ions would be less diret on anuneven surfae, yielding the slower rate. For preise 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 ething distane rather than rely on a linear approximation from other data.



38Materials and ething rates are given in a table in appendix M. Rates are expressedas distane in angstroms per milliamp-minutes, �A/mA-min, and distane per minute at aonstant 3.5mA beam urrent, (�A/min)I=3:5mA. The reason for the "distane in angstromsper milliamp-minutes" is the ion mill is ontrolled automatially 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 appliation this an ause signi�antover or under ething. Note that the unit "milliamp-minutes" is simply proportional to thenumber of ions delivered by the mill.The total milled distane was ontrolled by time in onjuntion with the milling rates.This allowed a bottom layer to be maintained where a top layer of material was milled away.While the surfae of the bottom layer would inur some damage, its eletrially propertieswere usually relatively unhanged if the material was thik enough (usually > 400 �A).2.8.2 Au/YBCO ontat reovery after Ion MillingFor some devies it was neessary to ion mill through the top layer of a heterostruture(LSMO) and make a gold ontat to a YBCO layer underneath. This posed many problems.The surfae of the underlying YBCO layer sustained a large amount damage when milledwith the usual 300V beam. A large ontat resistane arose (> 1 
-m2) for gold depositedon the damaged YBCO surfae Many steps were taken in order to minimize the ontatresistaneFirst, a system was onstruted in whih ion milling and gold sputtering ould be per-formed in situ. YBCO exposed to water in the air an beome damaged and ontaminated,ausing larger ontat resistanes than ion milling alone. Also, sputtered gold is a moreenergeti speies than evaporation yielding better gold implantation.The ion mill and sputter gun were mounted perpendiularly to eah other in a spherialhamber. For details on sputtering and milling see setions 2.7 and 2.8.1. A shield inside the



39hamber proteted the sputtering gun from ontamination when the ion mill was runningand vie versa. The sample was held at a 45o angle to the axis of both the ion mill andsputterer.After the onstrution of the ion mill/sputtering system, the dependene of the ontatresistane 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 inluding 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 ontat resistane measurementswere made using a 4 point juntion measurement. The measured gold pads were 20x20 �min area. A ontat resistane on the order of 1000 �
-m2 at 77K ould be reovered whenthe sample was leaned with a 100V beam. However, to reah this ontat resistane it wasneessary to mill away at least 100�A with the 100V beam.In an attempt to further derease the ontat resistane the 2 layer LSMO/YBCOsamples were milled in a variety of ways using 300V to remove the LSMO and 100V tolean the YBCO. Figure 2.10 shows the results of the ontat resistane obtained fromvarious milling onditions. Contat resistane was largely independent of the initial millingonditions 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-tat resistane was lowered by another two orders of magnitude to 10 �
-m2. It is veryimportant however that the top gold layer be thiker than 1500�A. Thinner gold was foundto agglomerate or de-wet on the surfae when annealed. This dewetting atually reated ahigher ontat resistane than unannealed samples and may be due to the exposure of thesurfae during annealing. The gold pads were, in general, always deformed during annealingand beame a great deal rougher. Although deformed during annealing the gold was still



40readily pattered and ethed away with the usual wet eth proedure.10 �
-m2 was the best ontat resistane that ould be reovered and was aeptable fordevie appliations in this study. Longer annealing times yielded little hange in resistane.This ontat resistane value is similar to values obtained for reovery of damage inurredto a single YBCO �lm when exposed to photolithographi proessing [Du 2001℄.
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Figure 2.11: Contat resistane vs. temperature for Au ontats 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 heterostruture. 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 ontat resistane before and afterannealing respetively. 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 ontat resistane before and after annealingrespetively. 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 ontat resistanebefore and after annealing respetively. 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 eletrial measure-ments. The probe onsisted of a long thin walled (.025") 1/2" diameter stainless steel tubewith a opper sample stage attahed 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 ondutivity at low temperatures and is easily removed with aetone. Lowtemperature grease (Apiezon grease N) also an be used to attah samples and providesgood thermal ondutivity and easy sample attahment and removal. However, grease anbe extremely diÆult to remove from a sample with a rough surfae. Trihloroetheylene(TCE) must be used in order to remove it.A Lakeshore silion diode thermometer (part DT-470-BO-11), with an auray of +/-0.25K was attahed to the opper stage near the sample loation. Twisted pairs phosphorbronze wire ran from a military style 19 pin onnetor (Part no. MS3112E14-19P on probe,MS3116F14-19S on onneting able) at the top, down the length of the tube and attahedto open eletrially isolated leads on the opper stage. Connetions 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 stik to the pressing point.When the pressing point was pulled away the gold pad would sometimes be aidentallypulled o� along with the indium. To prevent this from happening, gold wires were oftenindium soldered to samples. The appliation of melted indium to the surfae prevented theaidental removal of the gold pads.A opper sheath enlosed the dip probes sample blok to prevent non-uniform air ur-rents from ausing unregulated temperature utuations. The probe was simply lowered



44in to a liquid nitrogen or a liquid helium bath to derease the temperature. No preisetemperature ontrol was made.A probe enlosed in a vauum environment was used for preise temperature ontrolledmeasurements. The probe was similar to that mentioned above, exept the entire length ofstainless steel tubing and the sample blok were enlosed in a long narrow stainless steelan apable of produing a vauum tight seal. (An 18 pin LEMO vauum tight onnetorwas neessary to make the eletrial 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 evauating the probe an with a rotary pump andontrolling urrent in the heating wire with a temperature ontroller (340 Lakeshore) a �xedtemperature ould be obtained to an auray of +/- .001K (relative to the thermometerreading, see above paragraph for thermometer auray relative to the atual temperature).The heating was ontrolled via a PID feedbak 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 'exhange' gas was addedto the vauum spae to provide a better ooling power to the sample blok from the liquidhelium bath. This was done to inrease the ooling power, making the temperature easier tostabilize. With no exhange 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 onnetion in onjuntion with a Labview program (see Appendix K).A ryostat with an external eletromagnet was used for all �eld measurements. Thesystem onsisted of a Janus STVP-100 ontinuous ow ryostat with a external GMW 5403water ooled eletromagnet 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 spae abetter sample temperature uniformity was reated. More ooling power is applied diretly



45to the sample in this way, minimizing loalized heating aused eletrial urrents in devies.The ryostat was speially optioned to be used with either liquid nitrogen or helium.Liquid helium, due to it's zero visosity, provided a nie even transfer allowing very auratetemperature 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 neessary to pressurize the tank with an externalsoure. The base temperature of the system was 4.2K, although temperature ontrol wasmore aurate > 10K.Temperature ontrol with liquid nitrogen was more diÆult due to the visos 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 proedures areavailable in the ryostat manual.The temperature in the ryostat was ontrolled with two heaters. One was loated on theopening of the ooling liquid inlet tube and was referred to as the nek heater. This heaterwarmed the arriving oolant to just below (� 1K) the desired sample temperature. Theother heater was loated on the sample stage. (A speial able was made for the samplestage heater to be used with the analog voltage output of the 340 Lakeshore ontroller,as spei�ed by Lakeshore. The able has a 75 
 resistor in series in order to make thetotal heater urrent path resistane > 100 
. For more details see the Lakeshore manual.)Both heaters were ontrolled via a PID feedbak loops with the Lakeshore 340 temperatureontroller. The nek 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 onnetion in onjuntion with a Labview program (see Appendix K).The external eletromagnet was powered by two Kepo 20-20M power supplies wiredin series, apable of of produing a total urrent of 40 Amps (20 Amps provided by eah).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 interloks 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 reah about 0.5 Tesla (low ompared with a super-onduting magnet), �eld stabilization times were negligible (see Appendix B for atual�eld range). This allowed fast ontinuous san measurements with a �eld step size � 1.4Gauss. The magnet urrent was atually the ontrolled parameter with a minimum step sizeof 9.6x10�3 Amps (4.8x10�3 Amps from eah of the two supplies). In a private ommuni-ation with a tehniian at Kepo, it was explained that resolution of the GPIB interfae inthe power supply was 12 bits (4096 bytes), yielding the minimum urrent step of 4.8x10�3Amps for a single supply. Also the tehniian 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 aurate.However, the most aurate determination that an be made would be by attahing 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 onnetion in onjuntion with Labviewsoftware (see Appendix K).2.10 Transport Measurement SetupTwo Keithley 2400 programmable souremeters were used to supply the measurement ur-rent and the injetion urrent to the devie under test (DUT). The settle time for stabi-lization of urrent from these meters was < 30�se. The typial resistane of measureddevies was < 100 k
, plaing them well within the meters usable range. A Keithley 2812programmable voltmeter was used to measure the test voltages. The meter was aurate toa 1nV sale. Typial noise levels of the measured samples � 20 nV. The internal resistane



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. Asilion 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 unalibrated 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 interfae.All data olletion and devie ontrol was done from Labview programs (see Appendix K)((For future referene.)One, a temperature ontroller in our lab was found to yielddi�erent readings when onneted to the GPIB ard in the omputer as opposed to whenit was not onneted. 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 replaementall deviations disappeared. It should be noted that a omputer's power supply, in someases, ould be a signi�ant soure of noise.)The eletrial measurements were done in suh a way as to minimize the time requiredto apply any measurement urrents. This was done to minimize any o�sets that may beaused 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 interfae. Adelay time ould be programmed into the 2182, whih provided a pause time after the initialtrigger, to allow the supplied urrents to reah their equilibrium values. A delay time of 3mse was typially used unless otherwise stated. No eletri �ltering of the data was madein any measurement by the 2182 and the automati range funtion in the 2182 was turnedo�. These funtions reate unontrollable delays in the timing of the instrument making



48aurate 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 lok yles. One lok yle is16.6ms (1/60Hz). All measurements in this study were done with the 2182 set to measureat 1 lok yle. Although smaller times ould have been seleted, a trade o� of a highernoise level has to be made. One lok yle was short enough to redue heating and atuallysits at the minimum of noise prodution of the 2182 (See 2182 manual).In a private ommuniation with a Keithley support engineer it was revealed that the2182 atually requires 3 lok pulses to omplete a suessful measurement when the devieis set to 1 yle. In the �rst lok yle, the voltage measured at the devie is reorded.In the seond and third yle, bakground measurements are made within the 2182 itself.These bakground measurements are used to subtrat noise from the atual measurement,thereby allowing the voltmeter to reah suh high levels of auray. It is important totake this in to aount when applying urrents. All applied urrents must stay on for atleast 3 x 16.6 mse � 50 mse. Any swithing o� of urrent during the two bakgroundmeasurement yles of the 2182 throw o� its noise orretion. 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 3seond delay was set between onseutive measurements, providing a duty yle (appliedtime / down time) of < 2x10�2.
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Figure 2.12: The timing shemati for the eletrial urrent-voltage measure-ments. Note, the drawing is not to sale. The Keithley 2182 nanovoltmeterand the 2400 souremeter were triggered simultaneously with a GPIB multipletrigger ommand. Note, all times shown are typial of most measurements madein this study. The sample measurement time and the noise anelation time aresubjet to the integration time setting of the 2182. It is assumed the integrationtime is set to 1 PLC (1 power line yle = 1/60Hz). It is important that the2400 dwell time always ends outside of the noise anelation region to avoid thereation of substantial noise.



Chapter 3Colossal Magnetoresistive Tunnel Juntions3.1 IntrodutionMagnetoresistive tunnel juntions (MTJ) have reeived onsiderable attention lately due tothe development of giant magnetoresistane (GMR) in metalli multilayers [Moodera 1995,Miyazaki 1995℄ and the disovery of olossal magnetoresistane in perovskite ferromagnetthin �lms [Chahara 1993, Helmolt 1993℄. The devies onsist of an thin insulating bar-rier between two thin ferromagneti layers (F-I-F) and have been found to display largehanges in resistane when subjet to the appliation of a magneti �eld. The insulatingbarrier interrupts exhange oupling between the bottom and top ferromagnets, allowingthe magneti orientation of one to rotate relative to the other, provided the oerive �eldsare di�erent. A high resistane state is reated when the ferromagnets magnetizations arealigned anti-parallel, and a low resistane state is reated when the �lms are parallel. Thise�et was oined tunneling magnetoresistane (TMR).The basis of these tunneling e�ets stems from the spin of the eletron. More preisely,the tunneling is related to the spin of the itinerant eletrons 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 alulating sattering rates for spin-up andspin-down itinerant eletrons in the exhange split d-band of transition metal ferromagnets,
50



51Mott dedued that the eletrial 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 ondutane of thin �lm superonduting/insulator/ferromagnet juntions in an appliedmagneti �eld. Their juntions 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 heterostruture.When a type-I BCS superondutor is subjet to an applied magneti �eld, the up anddown spin quasipartile 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 ritial �eld of athin �lm superondutor is muh larger when the �eld is applied parallel to the surfae.This allows a measurable split in the quasipartile density states to be ahieved while stillmaintaining the superonduting state. In a ferromagneti metal, the bands are exhangesplit, yielding a di�erent density of states at the Fermi level for up and down spin bands.In the S-I-F juntion, the imbalane of spin states at the ferromagnet Fermi level,ombined with the splitting of the superondutor quasipartile density of states, yieldsdi�erent tunneling probabilities for up and down spins depending on the bias of the juntion.This asymmetry was learly displayed in the tunneling ondutane spetra measured byTedrow and Meservey (�gure 3.1).By measuring relative heights of the peaks in the asymmetri tunneling spetra of theirS-I-F juntions, Tedrow and Meservey were able to determine the polarization of severalferromagnets, although their juntions may have been somewhat rude by today's standards.
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Figure 3.1: (a) BCS superondutor density of states split by 2�BH due toapplied magneti �eld H. 2� is the superonduting gap. (b) Condutaneas a funtion of voltage for an F-I-S struture in �eld H (solid urve). Theondutane for eah spin orientation is represented by the dotted and dashedurves. The relative heights �i were used to determine the polarization of theferromagnet. [Tedrow 1970-73℄



53An exellent review is provided in [Tedrow 1994℄.TMR was �rst theoretially 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 lassial model of tunnelingassumes that the two ferromagneti eletrodes are independent systems and the insulatingbarrier is a perturbation whih allows tunneling between the two. Julliere assumed that thetunnel urrent was proportional to the produt of the spin density of states on either sideof the juntion barrier, and that spin was onserved in the tunneling proess.The ondutane when the two ferromagnets of a F-I-F juntion are alignedGP (/ 1=RP )is di�erent than the ondutane when they anti-parallel, GAP (/ 1=RAP ). Tunnelingmagnetoresistane is usually de�ned as,TMR = RAP �RPRP ; (3.2)as de�ned by Julliere. In some publiations it is de�ned as TMR� = RAP�RPRAP , where theTMR� only ranges from 0 to 1. All referenes to TMR in this thesis refer to equation3.2. The polarization, P , of a ferromagnet is determined by the di�erene 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 lassial quantum theory of tunneling [Tedrow 1994℄ states that the ondutane of thejuntion is proportional the produt of the density of states of the two ferromagnets, suhthat, 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 aount barrier height or thikness.Julliere's model, although simplisti, provides a good basi insight into the problemof tunneling magnetoresistane. This idea was further extended by Slonzewski in 1989[Slonzewski 1989℄ who inluded the overlap of the ferromagneti wave funtions within thebarrier and solved the problem with Shr�odingers equation. Slonzewski used a free-eletronmodel, a retangular barrier potential, and an internal exhange energy in the magnetilayers of the form �h � �. It is assumed in suh a model that the eletron momentumparallel to the juntion is onserved in the tunneling proess. In Slonzewski's model, theondutane (G) of a F-I-F' tunnel juntion is given byG = Gfbf 0(1 + PfbPf 0bos�) (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 eletron momentum, and i� is the imaginary eletronmomentum inside the barrier. Subsript fb aentuates the two multiplied terms in Pfbas being related to the ferromagnet and the barrier respetively, 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 eah other, where eah layer is assumed to onsistof a single domain. Gfbf 0 is proportional to e�2�d where d is the thikness 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 seond term, 1 > �2�k"k#�2+k"k# > �1. With the approproate hoie of barrier(�2), this suggests the possibility that P < 0. It is therefore predited that not only arethe polarizations of the ferromagnets in a TMR experiment important, but the hoieof insulating barrier as well. Therefore, in a tunneling experiment, the notion that spinpolarization is an intrinsi property of the ferromagnet alone is ontradited. For suÆientlyhigh barriers, Slowzewski's result redues to Julliere's. Therefore, Julliere's model is stilloften used to to quantify some tunnel juntion results. When only one spin band is presentat the Fermi level, and the barrier is suÆiently tall, Slonzewski de�nitions are seen toyield a polarization of one, and the ondutane is seen to vanish for opposite orientationsof the magneti domains (� = 180o). This would be appliable to LSMO whih is believedto be half metalli.Experimental investigations, however, have found that muh remains unexplained. Re-ent Co/STO/LSMO juntions made by Teresa et al [Teresa 1999℄ show both positive andnegative TMR depending on the appliation of the voltage bias. See �gure 3.2. This in-diates 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 noompletely aurate model of TMR.After Julliere's work, experimental TMR study lied rather dormant for over 20 years dueto diÆulty in suessful devie fabriation and small e�ets that were not useful for teh-nologial appliations. 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 juntionsmade of Co/Al2O3/CoFe displayed a TMR of up to 10% at room temperature making themuseful in tehnologial appliations (like GMR read heads in the harddrive of a omputer).
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Figure 3.2: TMR% as a funtion 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 strutures was the experimental development of an exellent thin relativelydefet free Al2O3 barrier.Reently, interest in TMR has peaked again with the 'redisovery' of olossal magnetore-sistive (CMR) perovskite materials in a thin �lm form by Helmolt[Helmolt 1993℄ and Cha-hara [Chahara 1993℄. See setion 2.3.1 for a detailed analysis of the rystal and eletronistruture of these materials. CMR materials have inreased the interest in the TMR �eldfor several reasons. Early experimental and theoretial alulations indiated that CMRmaterials, La0:67Sr0:33MnO3 in partiular, were 'half-metalli' [Wei 1997, Okimoto 1995,Park 1998℄, that is the spin-up and spin-down ondution 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 CMRjuntions exhibit large low �eld e�ets, but would operate at room temperature, makingthem ideal for tehnologial appliations.
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Figure 3.3: Perentage of resistane hange of a CoFe/Al2O3/Co tunnel jun-tion as a funtion of magneti �eld (H) in the �lm plane at 295K. Also, shownis the variation in resistane of a single CoFe and Co �lm. The arrows indiatethe diretion of the magnetization states in the two �lms. [Moodera 1995℄Most CMR juntions have yielded sattered results that are hard to reprodue, andmany yield polarizations far below expeted values (< 50%). A variety of TMR valueshave been found in La0:67Sr0:33MnO3/ STO/La0:67Sr0:33MnO3 strutures (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 reently,Bowen et al. [Bowen 2003℄ have found a TMR of 1800%� giving a polarization of 95%, butonly in one juntion. Bowen's other juntions 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 juntions, yielding a polarization of 83%.
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Results from various TMR juntion 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 magnetoresistane results from other studies. All resultsare for LSMO/STO/LSMO juntions exept those of �� Jo et al.[Jo 2000℄ whihare LCMO/NGO3/LCMO. �Bowen and Viret results are from the same researhgroup.



59All large TMR values are displayed at extremely low temperatures � 4.2K, exept Joet al. at 77K. And, as temperature rises most e�ets disappear around 150K, well belowthe ferromagneti transition temperatures (> 300K) of CMR materials involved. This hasprevented the tehnologial appliation of CMR juntions. Ogimoto et al. [Ogimoto 2003℄has reported TMR above room temperature in LSMO strutures but the TMR is < 1% atroom temperature and � 12% at 4.2K. Obata et al.'s juntions 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-dene of LCMO/NGO/LCMO juntions. Jo �nds a angular TMR dependene whih hasto do with the retangular geometry of the juntion and the pinning of the edge domains.To our knowledge, no data has been published to date on the TMR dependene on anout-of-plane applied �eld for CMR based tunnel juntions.3.2 LSMO/STO/LSMO Magneti Tunnel Juntions3.2.1 Devie Fabriation, Charaterization, and Measurement TehniqueLa0:67Sr0:33MnO3/SrTiO3/La0:67Sr0:33MnO3 tunnel juntions were developed and tested inthis study. The heterostrutures were grown in situ by PLD on STO substrates using theparameters presented in hapter 2. The samples were then quikly removed from the PLDhamber and plaed in an evaporator to deposit a 350�A thik top gold layer. Time betweenthe ex situ move from the PLD vauum hamber to the evaporation vauum hamber waskept at a minimum (<5 minutes). It has been found that small ex situ times have anegligible e�et on the ontat resistane between gold and LSMO [Chen 2001℄ omparedto those made in situ.



60The juntions were reated in a proess similar to that presented by Sun et al [Sun 1996℄.The explanation of the proess whih follows is depited in �gure 3.4. First, the entireheterostruture 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 juntion area. Finally SiO2 was sputtered and patterned with a lifto�proedure to allow gold ontats to reah the top of the tunnel juntion without shortingto the bottom layer of the devie. The �nal step was sputtering a thik gold layer andpattering it to reate the measurement ontats. All PLD, ion milling, and sputtering weredone with onditions provided in hapter 2. The perpendiular ross setional juntionareas were 10 x 10 �m (small) and 20 x 20 �m (large) in area.Juntion resistane, RJ , was measured with a standard four point measurement. AKeithley 2400 souremeter provided the urrent and a Keithley 2182 nanovoltmeter mea-sured the voltage. The timing of the meters was stritly ontrolled. All ontrol and dataaquisition was done with a Labview program. For FIF juntion measurements the urrentwas applied for 3 milliseonds 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�ets while maintaining the low noise apability of the meters.See setion 2.10 for a more detailed analysis of the measurement timing. Most juntionswere 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 eletromagnetapable of reahing 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 aurayof +/- 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 superonduting magnetapable of attaining 9 Tesla magneti �elds.
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Figure 3.4: A shemati of the magneti tunnel juntion fabriation proess.All PLD, ion milling, and sputtering were done with onditions provided inhapter 2. Available juntion areas were 10 x 10 �m 20 x 20 �m.



62The bottom LSMO layer of most suessful juntions was 400�A to 500�A thik. Thiswas thin enough to provide a smooth surfae and not so thin as to reate problems duringdevie fabriation. Although the deposition of muh thinner LSMO �lms is possible, it anbe diÆult to prevent the seond ion milling step from destroying the thin layer.An atomi fore mirosopy (AFM) study was onduted to determine the pulsed laserdeposition parameters whih yielded the smoothest �lms while maintaining aeptable phys-ial harateristis. The best single layer 500�A LSMO �lm showed nie step growth witha surfae roughness of less than 10 �A over a 5 x 5 �m area. For thiker �lms roughnessbeame a fator due to out growths and defets. AFM was ritial for the development ofgood juntions. While ertain deposition onditions yielded good eletrial properties, thiswas not an indiator of morphology. Small hanges in deposition were found to have largee�ets on �lm growth.The resistane of the bottom LSMO layer after proessing (photolithography, ion milling,et.) was determined by applying a two point measurement to the bottom LSMO leads(see �gure 3.6). The Au/LSMO ontat pads used to onnet the sample LSMO leads tothe measurement system had an area � 400 x 400�m and an estimated overall resistaneless than 10 
 making their ontribution to the two point measurement negligible. In allmeasured juntions the integrity of the bottom LSMO layer was found to remain intat.Even after milling 100 �A into a 400 �A thik bottom �lm, the ferromagneti transitiontemperature was found to remain above 300K and the resistivity was similar (< 1000 �
-m) to un-milled thiker samples.The resistane of the top layer was determined by measuring an unpatterned hetero-struture. This was believed to be a good indiator of the top LSMO layer propertiessine 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 anyindiation of a transition temperature below 300K. As shown in �gure 3.6 no indiation of
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Figure 3.5: Resistane vs. Field for a LSMO bridge at 100K. The measuredbridge dimensions are 10�m long, 10�m wide, and 400�A thik. The �eld wasapplied in the plane of the sample, parallel to the urrent. Note the magneto-resistane is < 1% and the overall resistane is several orders less than theLSMO/STO/LSMO juntions. Smaller hanges in resistane were seen for out-of-plane applied �elds. Due to the anisotropi magnetoresistane e�et (AMR)a negative hange in resistane of similar magnitude was displayed when themagneti �eld is applied in the plane of the �lm perpendiular 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 juntion measurements.
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Figure 3.6: Resistane vs. temperature for the top and bottom LSMO layers ofa LSMO/STO/LSMO heterostruture. 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 thik. Top �lms grown on heterostrutures with thik STO layers (>48�A)displayed similar results. The bottom LSMO layer is measured after juntionpatterning by a 2 point measurement. The data shown here is of patternedbottom leads of devie that was 10 �m wide and 300�A thik (after ion millingaway top layers). Again, the bottom data is thought to be largely due to thebottom LSMO beause of isolating e�et 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 thikness of the STO insulating layer in suessful juntions was 24 to 48 �A. Aslight orrespondene of juntion resistane was found for barrier thikness, however dueto surfae roughness the insulating layer ould be thiker or thinner in ertain areas of thejuntion. Typial overall resistane of the juntions was 103 to 104 
 yielding an estimatedvalue of the resistivity of the STO layer of 2x104 
-m. The total resistane of the LSMOlayers in a 10 x 10 �m juntion would be < 1 
 sine the resistivity of LSMO is < 1000�
-m over the temperature range from 300K to 4.2K. Thus it an be negleted in theestimation of the resistane of the STO barrier.The high resistane of the STO barrier in relation to the LSMO leads exludes the mea-surement of these juntions from the problems assoiated with barriers that have resistaneson the order of the leads. When the resistane of the juntion leads is on the order of theresistane of the juntion itself, a non-uniformity urrent distribution is reated and a fourpoint measurement an ause a false resistane reading [Veerdonk 1997℄. The resistane ofour juntions is also found to roughly sale linearly with juntion area, whih also suggeststhe measurements are a true indiation of the real resistane.The primary deiding fator in obtaining a large TMR e�et in our juntions was thePLD growth parameters for the STO layer. In partiular the temperature and oxygenpressure maintained during deposition greatly e�eted devie performane. Initially STOwas deposited with PLD parameters similar to YBCO, with a pressure of 100mTorr and atemperature of 805oC. With these onditions juntion resistanes were found to be rathersmall (� 100 
) and TMR values were < 1%. The deposition oxygen pressure was slightlyinreased to 150mTorr and the temperature lowered to 700K. With these onditions amaximum TMR of only 20% was found at 5K for a juntion with a 98�A STO barrier.The overall resistane of this juntion was still only 100 
. AFM images of a STO layerdeposited on a bottom LSMO layer were very smooth (roughness < 10�A) and ontained fewdefets. The smoothness and low resistane of these relatively thik STO layers pointed to



66oxygen de�ient �lms. Oxygen de�ient STO displays a muh higher ondutivity.The best juntions 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 magnetoresistane and Angular E�ets.The best juntion produed to date was found in a 10 x 10 �m area juntion 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 onduted the meassurements in this way. However, larger TMR ratios andsharping swithing were found when the juntion was demagnetized and the hysteresis sanwas kept in a low �eld region. For now we will disuss the results from the usuall high �eldtehnique. We will disuss the demagnetization tehnique and data later.When the sample was initially subjet 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 juntions,STO barriers of 24 - 48�A showed similar results. Normally the devies had a TMR � 200%at 5K, whih disappeared at 225 - 275K. The TMR was not always found to inrease withdereasing temperature. Juntions with a top LSMO layer of 100�A were found to a havepeak TMR signal around 50K after whih an abrupt drop was seen to our (see �gure 3.9).The ause of the derease is unknown. However, a narrowing of the �eld width of the highresistane peak suggests that the oerive �eld of the top and bottom layer may be getting



67loser together than at higher temperatures.Most juntions displayed a highly symmetri hysteresis urve, espeially in terms of thehigh and low resistane state values. Figure 3.9 shows the average TMR and the peak TMR(using the highest resistane value of the urve). There is little to no di�erene between thepeak and average value of the TMR signal. Overall juntion resistane, RJ , was typiallyon the order of 10k
 (see �gure 3.14). Changes in resistane with applied �eld reahed upto 35k
. These hanges were often very abrupt and ould our within a hange of �eldof only 1.3 Gauss. The typial �eld at whih these transitions ourred, when the �eldwas applied in the plane of the sample, was 30 - 50 Gauss. This most likely represents theoerive �eld of a large domain in one of the LSMO layers. Whether the top or bottomlayer of the juntion had the higher oerive �eld was diÆult to determine. Devies werepositioned in the �eld in suh 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.Juntions were also measured as a funtion of the out-of-plane angle of the appliedmagneti �eld. While the TMR height was largely unhanged, the oerive �elds assoiatedwith the juntion were found to sharply inrease near 90o (Field perpendiular to the planeof the sample). See �gure 3.10.Thin ferromagneti �lms have a large perpendiular demagnetization �eld, Hd, whihmust be over ome in order to magnetize a �lm out-of-plane. (That is unless the perpendi-ular anisotropi �eld is large enough, in whih 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 fator. In a thin �lm limit the demagnetization fatorsare 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 perpendiu-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-pendiular omponent of the applied �eld is small in realtion to the demagnetization �eld.For a �eld san, the small in-plane �eld omponent would obviously hange diretion as theout of plane omponent reversed. Therefore, the swithing in these measurements may justbe the by produt of a slight misalignment and a large demagnetization �eld.Due to geometry, thikness, stress, and roughness, the upper and lower LSMO �lms mostlikely have di�erent oerive and demagnetization �elds. Therefore, under the appliationof an out-of-plane �eld the magnetization of one �lm may lean out-of-plane long beforethe other. After the negative swithing event in the TMR sans the juntion resistanemaintained 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 resistanewould be seen at the begining or end of the TMR urves oresponding to a derease orinrease in the angle between the two magnetizations (hange in relative angle from 0or 180o ! 90o). At 5K there is a slight di�erene in the magnitude of the TMR signalwith a slow inrease and derease in the TMR signal. See �gure 3.11. Perhaps at lowtemperatures a large enough di�erene in oerive and demagnetization �elds has beenattained between the top and bottom LSMO �lms so that this e�et an be seen. Asshown, at low temperatures (< 50K) the oerive �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 whih do not support this argument.By Slonzewski's model (equation 3.7), one would expet 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 atually slightly larger than the in-planeresults. This may be due to the fat that the in-plane swithing events our at muh



69smaller �elds and the step size of the magnet is not small enough to allow the true highresistane 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 indiate there are many small domains present in the sample. However there isa distint abrupt jump from the high resistane state to the low restane state. Possiblythe lower layer, whih would be smoother and more uniform, has less defets and largerdomains. The upper �lm would be rougher, and may be the ause of the numerous smalldomains.A interesting measurement was onduted in whih the juntions were magnetized inan initially parallel state. See �gure 3.12. This was done by �rst applying a large magneti�eld whih was slowly lowered to zero. With zero �eld being applied the sample was slowlyrotated to a di�erent angular orientation, then the magneti �eld san was ontinued. Whenthe sample was rotated in a zero �eld, a large hange in resistane ourred before any �eldwas applied. For 180o rotations the hange in resistane was often as large as the hangereated in a normal TMR san. 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 ourred regardless of the premagnetized diretion. Thisseems to indiate that some of the magneti domains, in one or both of the layers, mayhave extremely low oerive �elds regardless of magneti �eld orientation.The low �eld hysteresis of the juntions was also tested. See �gure 3.13. The samplewas �rst magnetized in a high magneti �eld, and the magneti �eld was then sanned.When the high resistane state was obtained in a �eld san, the san was reversed. Sampleswere found to maintain their high resistane state past the magneti �eld zero point. Whilenot totally symmetri the transition bak to the low resistane state ourred at magneti�elds similar in magnitude to those required to reate the high resistane state.
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Figure 3.7: Resistane vs. applied magneti �eld for a LSMO/STO/LSMOjuntion at various temperatures. The juntion area was 10x10�m. The hetero-struture had a top/middle/bottom layer thikness of 500�A/24�A/400�A respe-tively. The magneti �eld was applied in the plane of the heterostruture (� = 0).The temperature dependene of this devie's TMR is shown in �gure 3.9. Arrowsin the 5K plot indiate �eld san diretion. Pitures in the 50K plot indiatemagnetization states of the top and bottom LSMO �lms.
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Figure 3.8: Resistane vs. applied magneti �eld for a LSMO/STO/LSMOjuntion at various temperatures. The juntion area is 10x10�m. The hetero-struture had a top/middle/bottom layer thikness of 100�A/32�A/400�A respe-tively. The magneti �eld was applied in the plane of the heterostruture (� = 0).The temperature dependene of this devie's TMR is shown in �gure 3.9. Arrowsin the 5K plot indiate �eld san diretion. Pitures in the 50K plot indiatemagnetization states of the top and bottom LSMO �lms.
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Figure 3.10: Resistane vs. applied magneti �eld for a LSMO/STO/LSMOjuntion with �elds applied at various out-of-plane angles. The angle, �, isrelative to the plane of the heterostruture. This juntion is the same as thatshown in �gure 3.7.
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Figure 3.12: Zero �eld rotation of a premagnetized LSMO/STO/LSMO jun-tion. The samples is sanned 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 san is ontinued. Notie the hange in resistanewhen the sample is rotated. A gaussmeter indiated 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 san for a LSMO/STO/LSMO juntion. Thesamples is sanned from a high negative �eld until the �rst high resistane stateis reahed. Then the �eld san diretion is then reversed. This is the samejuntion shown in �gure 3.7.



77While our juntions still do not display TMR above room temperature, the TMR persiststo as high a temperature (275K) as any juntion reported to date. The juntions also havethe seond largest TMR reported for LSMO/STO/LSMO juntions to date, surpassed onlyby the researh group headed by Fert [Bowen 2003, Jo 2000℄. However, in relation to Fert's,the ross setional area of our juntions is 4 to 5 times larger. No previous report ontainsthe long annealing times assoiated with the juntions presented in this study. In fatSun[Sun 1997-2001, Sun 1998℄ and Bowen [Bowen 2003℄ laim the suess of their juntionshinge on their minimal exposure to heat during proessing.In a side experiment, a pre-measured juntion whih 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 resistane of this juntion. It is hard to say if this implies thejuntions are oxygen saturated. After devie fabriation there is a top gold layer on thedevies whih would nullify any oxygen di�usion through the surfae. Where as, whensamples are annealed after deposition the surfae is open. In any ase, post-depositionheating does not seem to be a fator in our juntion performane.Several interesting features were revealed in the resistane vs. temperature dependeneof the juntions. A metal-insulator transition indiative of a ferromagneti transition ap-peared near 200K for most juntions. As mentioned before, parallel measurements of thetop and bottom LMSO indiated no transition below 300K (See �gure 3.6). The overallresistane of the juntions is dominated by the STO layer and the properties of the fewLSMO layers adjaent to this layer. This seems to indiate a deteriorated LSMO layer ispresent at the STO/LSMO interfae. Park et al. [Park 1998℄ have shown that the surfaeof a LSMO �lm has a redued magnetization and spin polarization. This is possibly due toa lowered magneti interation aused by the surfae termination.The deterioration of the LSMO at the STO interfae 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 strutureswhih still provide a TMR, although small (� %5), above 300K. It is suggested that thetop STO interfae is primarily responsible for the redued urie temperature seen in thejuntions. In a HRTEM and STEM-EELS study by Pailloux et al. [Pailloux 2002℄ theSTO/LSMO(bottom) interfae is found to maintain it's bulk harateristis to within onelayer of the interfae and only a weak deterioration of the LSMO Curie temperature isobserved.Another feature of the resistane vs. temperature graphs is the large abrupt jumps inresistane for a zero �eld ooled sample (see �gure 3.14). These jumps are not brought aboutby the appliation of any magneti �eld. Possibly they are due to spontaneous magnetidomain motion. The �gure also shows the resistane urve with a 500 Gauss �eld applied inthe plane of the �lm. A 500 Gauss �eld is larger than any in plane oerive �elds of the topor bottom �lms. This is then the minimum of resistane vs. temperature for the sample.Also, a urve is shown in whih 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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Resistance vs. Temperature for a LSMO/STO/LSMO Junction
in Various Magnetic States (1)

Figure 3.14: Resistane vs. temperature for a LSMO/STO/LSMO juntion.Results are shown for various magneti states inluding, ooling in an applied in-plane 500 Gauss magneti �eld, the initial unperturbeded zero �eld ooling, themaximum resistane 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�erene between the highest and lowest resistane states at 5K indiatea possible TMR of 817% whih is higher than the largest value found in all theTMR �eld sans (See �gure 3.9). This juntion is the same as that in �gure 3.7.



803.2.3 TMR Measurements in Demagnetized StateThe experimental tehnique used in all the TMR measurements mentioned in setion 3.2.2,involved the initial appliation of a large magneti �eld to plae the top and bottom LSMOlayers of the juntion in a parallel state. For F-I-F juntion measurements this is theommon pratie. However, interesting e�ets were found for demagnetized juntions. Thesamples were demagnetized by osillating the magneti �eld while exponentially dereasingthe magnitude until it fell below the ahievable step size.When the samples were demagnetized, the juntions took on a high resistane state inwhih the overall resistane was muh higher than that displayed in the TMR sans. Thejuntion shown in �gure 3.7 of the previous setion 3.2.2 displayed a maximum resistane� 35 k
 in the 5K TMR san. The same juntion, demagnetized at 5K, yields a resistaneof 60 k
 (see �gure 3.15). Demagnetization did not always yield this maximum resistanevalue (60 k
), but onsistently yielded values larger than seen in the standard TMR sans.One this demagnetized state was ahieved, it's resistane was higher than that found inthe TMR sans over the entire temperature range.As shown in �gure 3.18, whih is the same sample presented in the TMR sans of �gure3.8, the demagnetized state resistane an be several times larger than the peak resistanein the hysteresis san. If this high resistane state is used in onjuntion with the lowresistane state (500 Gauss applied in-plane) to alulate the TMR at 5K, a value � 800%is found for the juntion shown in �gure 3.7 and � 400% for that shown in �gure 3.8. TheTMR % of these two juntions are ompared as a funtion temperature in �gure 3.9. Notiethat the juntion in whih the TMR dereases to 100% at 5K in the standard sans, is thejuntion for whih 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 resistane was reovered. Also, the sample ould be demagnetized at 50K,and when ooled to 5K, attained the same high resistane value. When warmed to 300Kfrom the demagnetized state at 5K, and then re-ooled the overall resistane was lower butremained muh larger than other zero �eld oolings. It seems the juntion has some memoryof it's low temperature state even when warmed above what appears to be a ferromagnetitransition. This shows the ferromagneti material separate from the STO interfae mostlikely has a transition temperature far aboe that disolayed in the juntion 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 wasompleted the sample was in zero magneti �eld. The resistane was then measured asthe �eld was slowly inreased from zero. A large abrupt transition was was seen at 40Gauss. This transition was muh sharper and larger than that seen in the standard TMRmeasurements. A TMR san was then taken keeping the magnitude of the applied �eld� 80 Gauss. Sharp transitions with a maximum TMR � 476% were found. This TMR ismuh larger than that found in the standard TMR sans. However, if the magneti �eldmagnitude was allowed to beome greater than 100 Gauss, the TMR drastially dereasedand the high resistane state ould not be reovered in any way unless the sample wasdemagnetized again.The hanges in resistane in a �eld san after the sample had been plaed 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 juntions.Similar results were found at 50K, and yielded a TMR � 247%. Here again transitionsbetween the high and low resistane states were muh sharper ( � � 2 Gauss) than thosepreviously measured with the standard tehnique. This e�et was also found in the juntionshown in �gure 3.8, and yield a TMR � 220%, whih is more than twie as large as thestandard measurement results.



82Hysteresis sans taken at 5K showed muh sharper swithing between high and lowresistane states. See �gure 3.16. The urve was muh sharper and more repeatable thanthose previously shown for high �eld initial states in �gure 3.13. This suggests the demag-netized state ats in some way muh more like a single domain, than the state reated bya high �eld.Unlike the high �eld magnetized samples, rotation in zero �eld did not produe anyhange in resistane. See �gure 3.12. For the orret �eld, in this ase 41 Gauss (whih sitsjust past the high to low transition), the sample produed nie repeatable swithing whenrotated out-of-plane. See �gure demag3.Slonzewski's model, given by equation 3.7, states that for an ideal juntion (singledomains) the highest resistane state is reated when the two ferromagneti layer haveopposite magnetization states (� = 180). Therefore, this large resistane state indiatesthat a large perentage 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 exhange oupling whih ompetes to align the domains.Suh oupling has been seen in F-N-F and F-I-F juntions and is based on the thikness ofthe N and I layers . Also, the lowest magneti energy state of the juntion would be foropposite domain orientation in the top and bottom LSMO layers. Perhaps the magneti�elds of domains whih re-orient in-plane �rst during the demagnetization, inuene thenearest neighbor domains of the other layer. The sharp swithing in low �eld hysteresis anda low �eld angular rotation seem to indiate the ferromagneti layers at muh more likesingle domains when plaed in the demagnetized state. This sharp repeatable swithingould be useful in future tehnologial appliations, in not only CMR magneti tunneljuntions, but magneti tunnel juntions in general. In any ase the high resistane stateis very interesting and to our knowledge has not been reported before for CMR tunnelingjuntions.
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Figure 3.15: Resistane vs. applied magneti �eld for a LSMO/STO/LSMOjuntion after demagnetization at 5K. The �eld was applied in the plane ofthe sample. This juntion is the same as that shown in �gure 3.7. (A) Thesample was initially demagnetized at 5K. The resistane was then measuredas the �eld was sanned from 0 to 80 Gauss. The inset shows the urve inthe sharp transition region. (B) The �eld was sanned from 80 Gauss aftermeasurement (A). Note, the �eld magnitude did not exeed 80 Gauss. Theresult ould be repeated as long as the �eld magnitude was < 80 Gauss. (C)The �eld was inreased from 80 to 100 Gauss after measurement (B). The �eldwas then sanned from 100 Gauss. Result (B) ould not be reovered after thismeasurement.
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Figure 3.16: Hysteresis for a LSMO/STO/LSMO juntion after demagnetiza-tion at 5K. The �eld was applied in the plane of the sample. This juntion is thesame as that shown in �gure 3.7. The sample was initially demagnetized at 5K.The resistane was then measured as the �eld was sanned from 0 to 41 Gauss,41 gauss to -41 gauss, and bak to zero. This urve was highly repeatable.
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Figure 3.17: Resistane vs. Angle for rotation of a LSMO/STO/LSMO jun-tion in a onstant magneti �eld after demagnetization at 5K. This juntion isthe same as that shown in �gure 3.7. The sample was initially demagnetized at5K at angle = 0o. Forward and reversed sans are shown. The san was startedat 0o.
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873.2.4 I-V MeasurementsThe I-V harateristis of two juntions are shown in �gure 3.19, and of a single juntionin a high resistane demagnetized state in �gure 3.20. The IV urves show lear non-linear harateristis. The IV urves of the low and high resistane states were used toalulate the TMR dependene on applied urrent. A distint dereased in TMR is foundwith inreasing bias urrent. The origin of this derease 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 thikness. This model assumes a retangular symmetribarrier with similar eletrodes. The urrent voltage relationship is given expliitly 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 thikness 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 . Negleting 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 thikness (t) and the barrier height (�) for the juntions in �gure 3.19are given in table 3.2 for low and high resistane states at di�erent temperatures. The�tting parameters � and  were determined with the omputer program Origin, whih usesa Levenberg-Marquardt �tting method. The thikness (t) and the barrier height (�) weredetermined with the omputer program Mathematia whih uses a Newton iteration to �nda numerial solution.Parameters obtained from a Simmons �tting are not de�nite for several reasons [Sun 1998,Moodera 1999℄. For a real juntion it is important to onsider, parallel shunts, impurities,imperfet non-uniform interfaes, and degraded interfae properties. The Simmons modelis for an ideal barrier and does not inlude the e�ets of any of these onditions. Therefore,one should be areful in the emphasis plaed in the parameters determined from the �ttings.
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Figure 3.19: Current vs. voltage for two LSMO/STO/LSMO juntions atvarious temperatures and resistive states. The magnetization state of the sampleis indiated by the arrows in plot B. The open points are the raw IV data andthe solid lines indiate a Simmon's model �t (I = aV + bV 3). (A) IV urves forthe devie in �gure 3.8. (B) IV urves for the devie in �gure 3.7.
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Figure 3.20: Current vs. voltage for two LSMO/STO/LSMO juntions atvarious temperatures and resistive states. The high resistane demagnetizedstate, the normal san high resistane state, and the low resistane state areshown. The open points are the raw IV data and the solid lines indiate aSimmon's model �t (I = aV + bV 3). The urves are from the same devie asshown in �gure 3.7.
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Figure 3.21: Condutane (dI/dV) vs. voltage for two LSMO/STO/LSMOjuntions at various temperatures and resistive states. The high resistane de-magnetized state, the normal san high resistane state, and the low resistanestate are shown. The urves are from the same devie as shown in �gure 3.7.
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Figure 3.22: TMR% vs. applied urrent for two LSMO/STO/LSMO juntionsat 50K. This data was alulated from the IV urves in �gure 3.19. The TMR%dereases sharply for inreasing urrent. (A) is the devie in �gure 3.7. (B) isthe devie 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: Calulated tunneling barrier height � and thikness t by Simmonsequation �t for two LSMO/STO/LSMO tunnel juntions. Sample(A) had aestimated deposited STO thikness of 32�A. The juntion TMR and IV urvesare in �gure 3.8 and 3.19(A) respetively. Sample (B) had a estimated depositedSTO thikness of 24�A. The juntion TMR and IV urves are in �gure 3.7 and3.19(B) respetively. 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�ets in LCMO/STO/LSMO tunnel juntionsLa0:67Ca0:33Mn03/SrTiO3/La0:67Sr0:33Mn03, LCMO/STO/LSMO, juntions were also re-ated and tested in this study. It is believed that these juntions are possible the �rst CMRjuntions reated with di�erent top and bottom materials. LCMO thin �lms, is also aCMR material whih is qualitatively similar to LSMO. LCMO, however, has a muh lowerCurie temperature around 240K. The strutures were grown and patterned similarly tothe LSMO/STO/LSMO devies of the previous setion (3.2.1). The only di�erene was theLCMO �lms required a slightly higher oxygen pressure during their deposition (400 mTorr).Overall resistane of the devies was on the order of 10k
 whih was very similar to theLSMO/STO/LSMO devies (see �gure 3.26).A unique out of plane angular dependene was seen for this LCMO/STO/LSMO stru-ture at 100K see �gure 3.24. Unlike the LSMO/STO/LSMO juntions, the hange inresistane of the juntion 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 dependene at 150K is almost nonexistent. Only a very slighthange is seen in the magnitude of the TMR signal with angle. The results at di�erentangles are muh more symmetrial.At 50K, the TMR signal disappears and the juntion beomes noisy. See �gure 3.25. Itis not believed that the noise is brought about by poor Au ontats. A two point resistanemeasurement of the devie shows a negligible di�erene to that of the measured juntion.Also, previous Au/LCMO devies have never shown any substantial ontat resistane.Reently, Sanghamitra et al. have onduted magnetization measurements onLCMO/LAO/LSMO �lms [Sanghamitra 2003℄. The measurements showed indiations ofspin anting below the transition temperature whih was � 220K. Also, below a bloking



96temperature in the range of 50K - 100K indiations of domain freezing and formation ofantiferromagnetially ordered, near-degenerate spin lusters is seen. This may provide anexplanation of some of the e�ets seen in our tunnel juntions.These e�ets may also be due to the fat that the two ferromagnets have anisotropy axesthat are non-ollinear. Juntions onstruted of two ferromagnets with di�erent easy axeshave a strong dependene on the diretion 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 lattie onstant for LSMO is 3.87�A and the a-b lattie onstant of LCMOis 3.81�A. This would suggest the LCMO grown on LSMO is subjet 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 undermuh more strain than the LSMO. Strain is found to be ritial to the eletrial propertiesof CMR thin �lms [Hu 2004℄, and may play a part in these anomalous e�ets.
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Figure 3.24: Resistane vs. applied magneti �eld for a LCMO/STO/LSMOjuntion with �elds applied at various out-of-plane angles. The angle, �, isrelative to the plane of the heterostruture. The juntion dimensions are10x10 �m. The measurement urrent was 10�7 Amps. The juntion had atop/middle/bottom layer thikness of 300�A/32�A/400�A respetively.
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Chapter 4Spin Di�usion Devies4.1 IntrodutionThe idea of spin urrent was originally suggested by Mott who proposed that at temper-atures low with respet to the Curie temperature, most sattering events would not e�etthe orientation of an eletrons spin [Mott 1936℄. In ferromagnets, the band strutures ofthe up and down spins are di�erent. Therefore the ondutivities for spin-up and spin-downeletrons 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 eletronswithin � kBT of EF will partiipate in transport. Therefore the urrent injeted from aferromagnet arries with it net polarization or spin urrent IM . Some ferromagnets areonsidered to be half metalli, in whih 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 whih falls o� exponentially with a harateristi length Æs, suh that,~M / e�x=Æs : (4.1)Æs is related to a harateristi relaxation time T2 by the di�usion equation,ÆS = (DT2)1=2; (4.2)100



101where D is the eletron di�usion onstant.In 1988, Johnson and Silsbee proposed and reated a novel ferromagneti devie, knownas the bipolar spin swith, whih ould measure this di�usion length[Johnson 1988a, 1988b, 1988, Johnson 1992, Johnson 1995℄. Johnson and Silsbee's devieonsisted of a three layer ferromagnet-normal metal-ferromagnet (F-N-F) thin �lm hetero-struture. See �gure 4.1.
N1

2
s

Figure 4.1: Shemati of a bipolar spin swith devie. Current (I) is injetedfrom 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 injet a spin polarized transporturrent (Iinj) into the middle normal metal (N1). The top ferromagnet (F2) is patternedinto a small ontat. A small normal metal ontat (N2) is also made diretly to (N1).Voltage (Vs) is monitored between the top F2 and N2 ontat. While under the inueneof the injetion urrent, a hange in voltage is seen when the F1 and F2 have parallel andanti-parallel magnetization states.Using a free eletron metal and a simple Stoner ferromagnet, the voltage arising betweenthe two top ontats an be related to the spin di�usion length. When a harge urrent(Ie) is injeted from F1 into N1, it arries with it an assoiated spin urrent whih an be



102expressed as , IM = �1�e Ie; (4.3)where � is the Bohr magneton, e the harge of an eletron, 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 harateristi 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 ontat area between F1 and N1. Careful onsideration of the transfer lengthbetween F1 and N1 should be taken into aount 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 dependene of the eletrohemial potential �" and �#at a normal metal (N) half metalli ferromagnet (HMF) interfae. The dashedline represents the eletrohemial 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 injeted fromferromagnet F1. For simpliity F1 and F2 are half metalli. Depending on themagnetization orientation of F2 it experienes the hemial potential E+F or E�Fyielding the voltage di�erene �Vs. [George 2003℄Due to the injeted spin, N1's spin-up and spin-down hemial potentials will hange.



103In the ase of injeted up spins, the hemial potential of the spin-up band inreases, and tomaintain harge neutrality, the hemial potential of the spin-down band dereases. SupposeF1 and F2 have the same magnetization diretion, and the Fermi level of F2 lies primarilyin the spin-up band. When the hemial potential in the spin-up band of N1 inreases,the hemial potential (Fermi level) in F2 will rise with it, sine no urrent ows betweenN1 and F2. However, while the spin-up hemial potential in N2 will similarly rise, N2'sspin-down band will derease as N1's does. Therefore the average hange of the hemialpotential in N2 remains unhanged relative to N1's at the interfae. Therefore, a voltage,Vs, will arise between F2 and N2 simply due to the imposed magnetization in N1. Whenthe magnetization diretion 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 physial argument. ~M an be thought to impose amagneti �eld ~M=�, where � is the Pauli paramagneti suseptibility. � ~M=� is the Zeemanenergy of a single spin in the magneti �eld. The di�erene in energy of a single eletronin 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 dependenegiven by equation 4.1 shows that by inreasing the thikness of N1 and measuring theoresponding derease in Vs a diret measurement of the di�usion length Æs an be made.Combining IM , ~M , Vs, the di�usion equation 4.2, and the free eletron expression for� = �2N(Ef ) = �2 3n2EF , where n is the density of ondution eletrons, a resistane an be



104de�ned suh that , Rs � VsIe = �1�2Ad T2EF1:5ne2 = �1�2Ad �Æ2s (4.6)In the seond form Einstein's relation for resistivity � = 1=e2DN(EF ) is used.Fitting the thikness dependenes 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 theoretial equations are usedto diretly predit the measured voltage, the alulations yield voltages that are 10 to 40times smaller than those atually measured. Johnson aredits this to simpli�ed expressionfor �, variations aused by interfae resistane, and other possible spin ipping events.Several more detailed theoretial interpretations of Johnson's spin detetion devie 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 aount spin relaxation thattakes plae inside the injetion ferromagnet and the role of surfae resistane at the ferro-magnet/normal metal interfae. However, when the ferromagnet is half metalli, that isthere is only one spin subband present at the Fermi level, and the ontat resistane betweenthe two F-N interfae is small, these more omplex models redue to forms whih are similarto Johnson's lassial result. LSMO is onsidered by many theoretial and experimentalresults to be half metalli, and the ontat resistane between the YBCO/LSMO is small.Therefore, Johnson's model an be onsider in the modeling of results presented in thisstudy.Reently, other spin injetion and detetion devies have been tested. Jedema et al.have found rather onvining results from nanofabriated Co/Al ross strip strutures[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 spinresistane Rs is measured by injeting 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 distanebetween the leads a determination of the spin di�usion distane an be made. These deviesalso provide results at room temperature. At 300K, Æs = 350nm, and at 4.2K, Æs = 650nm.In these devies it was also possible to modulate the Rs signal by applying a perpendiularmagneti �eld to a sample whih had been premagnetized in an in-plane state (parallel oranti-parallel). The modulation arises from the preession of the spins in the perpendiular�eld. Of ourse, at large enough �elds the oerive �elds of the Co leads are over ome, butuntil that point a lear preessional e�et is seen.Jedema et al. have performed similar experiments in a ross like struture 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 nanofabriated devie using a Cu/Co struturewhih showed spin detetion e�ets.Jedema and Fert have been ritial of Johnson's results stating that the measured volt-ages are too large when saled up from their devies and must be due to other e�ets.Johnson has laimed that Jedema's interpretation of their experimental results may beawed [Johnson 2002℄. In any ase, a well established agreement on spin detetion experi-ments and theory has not been reahed. There has never been any previous appliation ofJohnson's spin detetion devie to perovskite CMR materials or high-T superondutingmaterials.The devie measured in this study is similar to the devie shown in �gure 4.1, howeverthe urrent is extrated through the top of N1, and F1 is loated in all the spae belowN1. Our devie is basially idential to Johnson and Silsbee's, but is signi�antly smallerin dimension. The voltage measured was perpendiular to the injeted urrent as shown.This was done in order to redue large voltages due to longitudinal resistane. However,any ross voltage produed by the bottom ferromagnet and middle normal metal will mayalso be present in the measurement. ferromagnets have several ross voltages whih display



106memory e�ets. Normal, anomalous, and planar hall e�ets all ause voltages whih ouldbe present in the measurement. Reent experiments have shown that there an be a sizeablein-plane hall voltage in F/N systems whih Johnson did not onsider in his system. Also,due to small lead misalignment a diret resistane voltage ould also be present whihdisplays magnetoresistive and anomalous magnetoresistive e�ets.The normal hall e�et is present in many materials. Charges in a urrent are diverted bya perpendiularly applied magneti �eld yielding a voltage perpendiular to both the urrentand the �eld. The anomalous or extraordinary hall e�et (AHE) is found in many ferro-magneti materials and arises due to the interation of the urrent with the magnetizationof the sample itself. However, these e�ets are found to require �elds that would be muhgreater than those supplied by the internal magnetization. To date, there is no agreed uponfull theoretial explanation, but the origins of the e�et are believed to be due to skew-sattering and side-jump mehanisms [Kondo 1962, Giovannini 1971℄. The hall resistivityan 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 HalloeÆients respetively, and B is the applied magneti indution [Smith 1929℄. In ferro-magnets, Rs in many ases is muh greater than Ro. In LSMO, memory e�ets are displayedat low �elds in these type of hall measurements [Chen 1999℄.The Planar hall e�et, sometimes referred to as the psuedo-hall e�et (PHE), is a trans-verse voltage that arises when a anisotropi magnetoresistane (AMR) is present in ferro-magnet [MGuire 1975℄. AMR manifests itself as a hange in resistane 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, direted along the x-axis, the eletri �eldsprodued 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 respet to thex-axis, and �k and �? are the resistivity when the urrent and magnetization are paralleland perpendiular respetively. 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�et in (Ga,Mn)As. The dimensions refer tothe width of the measured bridge. The longitudinal resistane, R, is also shownfor the 100 �m bridge. [Tang 2003℄When sanned in a magneti �eld, abrupt hanges in domain orientation an ause theplanar hall e�et to exhibit swith-like memory e�ets. Reently Tang et al. found whatthey have oined as "giant" planar hall e�ets (GPHE) in the ferromagneti semiondu-tor (Ga,Mn)As [Tang 2003℄. See �gure 4.3. (Ga,Mn)As has biaxial magnetorystallineanisotropy. The magnetization reversal therefore ours in two 90o steps. When the ur-rent path lies between these two rystalline orientations the 90o rotations ause swith-likee�ets similar to magneti tunnel juntions. In the ase of (Ga,Mn)As the swith is fourorders of magnitude greater than that previously found in metalli ferromagnets, hene theonnotation of giant.



108

Figure 4.4: Giant planar hall e�et in La0:84Sr0:16MnO3. This data was takenat 120K with an angle of 10o between the urrent and the magneti �eld. Arrowsindiate san diretion and easy axis magnetization diretions. [Bason 2004℄Giant planar hall e�ets have also reently been found in the CMR ferromagnetLa0:84Sr0:16MnO3 whih is very similar to the La0:66Sr0:33MnO3 used in this study [Bason 2004℄.See �gure 4.4. La0:84Sr0:16MnO3 has biaxial magnetorystalline anisotropy just as the be-fore mentioned (Ga,Mn)As. The di�erene (�k � �?) for swithing 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, withrespet to the �lm plane. The intersetion of the rotation plane and the �lmplane makes and angle � with the diretion of the applied urrent (x-axis). Therotation plane is tilted at an angle � to the perpendiular z-axis. [Ogrin 2000℄Ogrin et al. have measured the planar hall e�et with out-of-plane applied mag-neti �elds to investigate the perpendiular 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 unertainty to it's in-plane and perpendiular omponents relative to an axisde�ned by the urrent. See �gure 4.5. Thus even at a perpendiular �eld orientation thereis a small in-plane omponent.



110Thin ferromagneti �lms have large perpendiular demagnetization �elds, Hd, whihmust be over ome in order to magnetize a �lm out-of-plane. (That is unless the perpendi-ular anisotropi �eld is large enough, in whih ase the �lm has an out-of-plane easy axis.LSMO/STO has a in-plane easy axis.) See equation 3.9 in setion 3.2.2. For �elds smallerthan the demagnetization �eld, the magnetization will hoose a in-plane orientation. Asmentioned, the slightly misaligned perpendiular 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�ets 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 (irles). 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 sans at onstant 85o and 95o orientations are shown in 4.6. The voltage jumpsindiate 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�eted by these anisotropies.



112Interesting swithing behavior has also been seen in (Ga,Mn)As/Al2O3/Au (F/I/N)juntions by Gould et al. [Gould 2004℄. The juntion is not a F-I-F juntion and thereforeany swithing is a manifestation of magnetization reversal within the ferromagneti layeritself. By applying in-plane magneti �elds the juntion resistane shows a hysteresis thatswithes between high and low resistane 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 swithingis very symmetri as shown in �gure 4.7.
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Figure 4.7: Resistane vs. Field for a (Ga,Mn)As/Al2O3/Au (FIN) juntion.The angle � is relative to the in-plane rystal axis (100). The polar graphindiates the high (grey) and low resistane states. [Gould 2004℄



113These planar hall e�et and F/I/N juntion results show that many anomalous e�ets areseen in ferromagneti materials, and heterostrutures whih inlude ferromagneti materials.These e�ets an be omplex to interpret and may be inluded in any voltage we measurewith our spin di�usion measurement.4.2 Devie and Measurement4.2.1 Devie Geometry and FabriationLSMO/YBCO/LSMO Spin di�usion detetion were reated and tested in this study. Theheterostrutures were grown in situ by PLD on STO substrates using the parameters pre-sented in hapter 2. In this study two di�erent YBCO thiknesses were investigated, 500�Aand 1000�A. The top and bottom LSMO layers were 400�A and 500�A respetively. Afterdeposition, the samples were quikly removed from the PLD hamber and plaed in anevaporator to deposit a 350�A thik top gold layer. Time between the ex situ move from thePLD vauum hamber to the evaporation vauum hamber was kept at a minimum (<5minutes). It has been found that small ex situ times have a negligible e�et on the ontatresistane between gold and LSMO ompared to those made in situ [Chen 2001℄.The explanation of the proess whih follows is depited in �gure 4.8. First, the basestruture was formed by patterning the sample with photolithography and ion millingthrough the entire heterostruture using a 300 volt Ar ion beam. The top ferromagnetipad 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 surfae 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 devie and another 1500�A of gold was deposited over theentire struture. 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 ruial for the formation of a low resistane gold/YBCO ontat. See setion2.8.2 for more details.The top gold layer was then patterned into separate gold ontats via a wet ethingproess with a dilute mixture of TFA gold eth to water of 2:1 by volume. The dilute TFAmixture ethed approximately 5000�A of gold in 30 seonds, and had no e�et on eitherYBCO or LSMO layers. The YBCO layer was then patterened into the measured areawith a wet eth proess using a dilute mixture of nitri aid to water of 1:400 by volume.Typially to eth 500 � 1000�A of YBCO took 10 � 15 seonds. The nitri mix has little tono e�et on the LSMO. Silion dioxide, SiO2, was then RF sputtered to allow gold ontatsto reah entral regions of the devie without shorting to lower layers. The SiO2 was usually3000-4000�A thik or at least thik 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 eth proess already mentioned to make the �nal gold ontats. The Cr wasalso wet ethed away with a purhased Cr ethant in order to prevent shorting of the goldleads. Cr ethant will damage YBCO, however, at this point in the proess all the YBCOis proteted by SiO2 and Au.All PLD, ion milling, and sputtering were done with onditions provided in hapter2. Dimensions of the devie are given in �gure 4.8. The main measurement was madeby applying the injetion 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 setion 2.10 and setion3.2.1. The samples was measured in the same ryostat/magnet system as desribed insetion 3.2.1.
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Figure 4.8: A shemati of the di�usion measurement devie fabriation 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 shemati of the di�usion measurement devie used in this study.Current was applied between the bottom LSMO (F1) layer and the large topAu pad inontat with the middle YBCO (N1) layer. A top LSMO (F2) padwas used to detet any spin overpopulation present in the YBCO. The small topAu pad (N2) attahed to the YBCO is used as a ground relative to F2. N2 andF2 are arranged perpendiular to the urrent path to minimize any longitudalsignal. The measured voltage is referred to as the detetion voltage. A resitaneis alulated by dividing the detetion voltage by the injeted urrent. Thedevie fabriation proess is shown in �gure 4.8.4.2.2 Data and DisussionThe LSMO/YBCO/LSMO spin di�usion detetion devies were measured in this study.The devie is depited in �gures 4.1, 4.8, and 4.9. Current was injeted from the bottomLSMO to the top YBCO. The top LSMO was patterned into a pad and used to detetany 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 detetionvoltage. This on�guration is almost idential to that used by Johnson and Silsbee in theirbipolar spin transistor [Johnson 1988a, 1988b, 1988℄. A resistane is presented in the datawhih is the measured detetion voltage divided by the injeted urrent.



117The devies 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-planease the �eld and urrent form a plane that is perpendiular to the surfae of the sample.Data was taken for a onstant applied �eld and a hanging angle as well as for a on-stant angle and sanned �eld. The results for a LSMO/YBCO/LSMO (400�A/500�A/500�Arespetively) devie at 100K are shown in �gures 4.11 - 4.16.The resistane, detetion voltage/injeted 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 inresistane � 1 m
. This hange in resistane is the spin resistane, Rs, given in equation4.6. Sharp swithing was seen between high and low resistane states. The signal was seento sharpen and invert in passing through 90o (where the urrent is perpendiular to the�eld). There is a bakground resistane signal � 0.2 
 in the measurement whih may bedue to a longitudinal resistane reated by a slight misalignment of the top Au-LSMO pads.
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Figure 4.10: Resistane vs. applied magneti �eld for a LSMO/YBCO/LSMOspin di�usion devie. Data is shown for �elds applied at various in-plane angles.The resistane is equal to measured detetion voltage devided by the injeted ur-rent. The thikness of the LSMO/YBCO/LSMO layers was 400�A/500�A/500�Arespetively. The magneti �eld diretion, �, is relative to the urrent path in-diated in the devie. The temperature was 100K. The injetion urrent was1x10�2 Amps.



119The resistane, detetion voltage/injeted 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 resistane, Rs � 1 m
. An inversion of the hysteresis signal was seen in the di�usiondevie at 180o, while no inversion is shown at 0o. These results yielded an unusual symmetrynot seen in the magneti devie measurements mentioned in the previous setion 4.1. Allmeasurements were taken in the same run and the sample was never removed betweenmeasurements. The signal inversion seems to take plae between two resistane states. See�gure 4.13. This swithing shows an odd similarity to the F/I/N juntions results presentedby Gould et al. in the setion 4.1 [Gould 2004℄.
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Figure 4.11: Resistane vs. magneti �eld for a LSMO/YBCO/LSMO spindi�usion devie. The displayed data is for �elds applied at various out-of-planeangles. The resistane is equal to measured detetion voltage devided by theinjeted urrent. The magneti �eld diretion, �, is relative to the plane of theheterostruture and is parallel to the injetion urrent at 0o. The temperaturewas 100K. The injetion urrent was 1x10�2 Amps. This is the same sample asthat shown in �gure 4.10.
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Figure 4.12: Resistane vs. magneti �eld for a LSMO/YBCO/LSMO spindi�usion devie. The displayed data is for �elds applied at various out-of-planeangles. The resistane is equal to measured detetion voltage devided by theinjeted urrent. The magneti �eld diretion, �, is relative to the plane of theheterostruture and is parallel to the injetion urrent at 0o. The temperaturewas 100K. The injetion urrent was 1x10�2 Amps. This is the same sample asthat shown in �gure 4.10.



122

-2000 -1000 0 1000 2000
0.2120

0.2125

0.2130

0.2135

Out-of-plane

LYLB1_lrg_diff

89o  

 

R
es

is
ta

nc
e 

(W
)

Field (Gauss)

88o

I LSMO/YBCO/LSMO
Diffusion Device

at 100KDetection voltage

0.2120

0.2125

0.2130

0.2135

 

 

 

135o

45o

0.2120

0.2125

0.2130

0.2135

 

 

 

 

315o

225o

Figure 4.13: Resistane vs. magneti �eld for a LSMO/YBCO/LSMO spindi�usion devie. Data is shown for �elds applied at various out-of-plane angles.The resistane is equal to measured detetion voltage devided by the injetedurrent. The magneti �eld diretion, �, is relative to the plane of the hetero-struture and is parallel to the injetion urrent at 0o. The temperature was100K. The injetion urrent was 1x10�2 Amps. Note, the high-low swithingbehavior near 90o, and between 45o and 135o. There is no swithing behaviorbetween 225o and 315o. This is the same sample as that shown in �gure 4.10.



123The detetion 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 swithing is seen at low �elds with little to no hysteresis due to the diretion of theangle san.
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Figure 4.14: Cross resistane vs. angle for a LSMO/YBCO/LSMO spin di�u-sion devie in a onstant applied magneti �eld. The magneti �eld diretion,�, is relative to the plane of the heterostruture and is parallel to the injetionurrent at 0o. The resistane is equal to measured detetion voltage devidedby the injeted urrent. The temperature was 100K. The injetion urrent was1x10�2 Amps. This is the same sample as that in �gure 4.10. The arrows in theout-of-plane 100 Gauss san indiate the san diretion.



125The detetion voltage in the di�usion devie is found to disappear around 25-50K. Thisis assumed to be due to the full onset of superondutivity in the YBCO layer. Twopoint resistane measurements between the urrent leads of the sample showed lear dips inresistane 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 superonduting state ofYBCO. Perhaps the spin di�usion length is greatly redued in the superonduting state ofYBCO. Also, the spin di�usion signal may be smaller than the thikness of the YBCO inour devies.
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Figure 4.15: Resistane vs. magneti �eld for a LSMO/YBCO/LSMO spindi�usion devie. Data is shown for parallel urrent and �eld at various tem-peratures. The resistane is equal to measured detetion voltage devided bythe injeted urrent. The injetion urrent was 1x10�2 Amps. This is the samesample as that shown in �gure 4.10. Note the redution in the bakground signalwith dereasing temperature.



127Measurements were taken using the two top gold leads of the di�usion devie to measurevoltage and the bottom and top LSMO leads for urrent. Here one would expet no spinsignal sine the leads are simply both normal metals. However the urrent path in thison�guration is omplex. Hall and resistane signals may be mixed, and the relation of theurrent diretion 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 magnetoresistanee�ets 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, swithing between the topan bottom LSMO layers may hange urrent distributions in the heterostruture and reatea hange in the voltage signal measured my the to Au leads.
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Figure 4.16: Gold-to-gold resistane vs. magneti �eld for aLSMO/YBCO/LSMO spin di�usion devie. 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. Theresistane is equal to measured voltage devided by the injeted urrent. Themagneti �eld diretion, �, is relative to the plane of the heterostruture and isparallel to the injetion urrent at 0o. The temperature was 100K. The injetionurrent was 1x10�2 Amps. This is the same sample as that shown in �gure 4.11.



129A sample with a 1000�A YBCO barrier, whih is similar to the previously mention deviein all other respets, was also measured. The devie showed similar results although thetransitions between the high and low resistane 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.



130

-1500 -1000 -500 0 500 1000 1500

0.265

0.266 q = 0o

 

 Field (Gauss)

0.265

0.266 45o

  

 

0.265

0.266 90o

  

 

LYL060104B_lrg
diff, Out Ang., 100K

135o

 

 

R
es

is
ta

nc
e 

(W
) 270o

  

 

-1500 -1000 -500 0 500 1000 1500
0.272

0.273
q = 0o

 

 

45o

LSMO/YBCO/LSMO
Diffusion Device

at 100K

LSMO/YBCO/LSMO
Diffusion Device

at 100K

 

 

 

I

90o

Out-of-plane

 

R
es

is
ta

nc
e 

( W
)

 

 

In-plane

Figure 4.17: Resistane vs. magneti �eld for a LSMO/YBCO/LSMOspin di�usion devie. The thikness of the LSMO/YBCO/LSMO layers are400�A/1000�(A)/500�A respetively. Data is shown for �elds applied at variousout-of-plane angles. The resistane is equal to measured detetion voltage dev-ided by the injeted urrent. The magneti �eld diretion, �, is relative to theplane of the heterostruture and is parallel to the injetion urrent at 0o. Thetemperature was 100K. The injetion urrent was 1x10�2 Amps.



131The ross voltage as well as the resistane of a test LSMO sample was also measured.The LSMO was 400 �A thik 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 whih maybe mixed with the spin voltage measuredin the spin di�usion devies.The in-plane results for the di�usion devie and the ross voltage of the test LSMOsample, �gure 4.19, were found to be very similar. For �eld sans taken at onstant anglesit was likely that the memory e�ets of the di�usion devie were a produt of the planarhall e�et from the LSMO layer. The onstant �eld measurements yielded a very similarsignal to those reported for LSMO by Bason et al. (see setion 4.1). However, LSMO�lms deposited on STO substrates have an in-plane easy axis. In the di�usion devies, thein-plane oerive �elds of the top and bottom LSMO may be very small and lose and therotation of the domains may our within a very small �eld range making any spin di�usionsignal diÆult to see.
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Figure 4.18: Cross resistane 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 diretion,�, is relative to the urrent path indiated in the devie. The temperature was100K. The measurement urrent was 1x10�3 Amps.



133The out-of-plane measurements made on the di�usion devies displayed notieable dif-ferenes from the LSMO test samples. An inversion of the hysteresis signal was seen in thedi�usion devie 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 resistane does not hange withangle as in the di�usion devie.
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Figure 4.19: Cross resistane 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 diretion, �,is relative to the plane of the heterostruture and is parallel to the measurementurrent at 0o. The temperature was 100K. The measurement urrent was 1x10�3Amps.



135The longitudinal resistane measurements for in-plane and out of plane applied �elds donot resemble the di�usion devie results. Also the hysteresis e�ets are very small and are amuh smaller perentage of the over all signal than the signal to bakground measurementin the di�usion devies.
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Figure 4.20: Resistane 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 diretion, �, isrelative to the plane of the heterostruture and is parallel to the measurementurrent at 0o. The temperature was 100K. The measurement urrent was 1x10�3Amps.
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Figure 4.21: Resistane 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 diretion, �, isrelative to the urrent path indiated in the devie. The temperature was 100K.The measurement urrent was 1x10�3 Amps.



138It is diÆult to say whether the displayed results for the LSMO/YBCO/LSMO devieare aused by spin di�usion e�ets or not. It appears there are obvious anomalous hall e�etsignals mixed into the result. In suh a omplex struture as this, it is extremely diÆultto separate the two. Also, while the 1000�A and 500�A YBCO devies, display di�erenthysteresis urves, their magnitudes are not inredibly di�erent. Therefore obtaining spindi�usion lengths from a distane dependene �tting does not seem possible.If we take a slightly naive approah and assume that the signal measured in the 500�Adevies 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 distane in YBCO.A spin resistane Rs of 1.5 m
 is given at 100K (see �gures 4.12 and 4.12. A onservativeestimate of the polarization of the injetion urrent at 100K an be obtained from theLSMO/STO/LSMO juntion data in hapter 3 and is roughly �1 = �2 = :6 (see �gure 3.9).The thikness of the YBCO, d, was 500�A and the width of YBCO layer, w, was 100 �m.The area of the injetion 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 harateristi distane know as the transfer length.For low ontat resistanes, most urrent will transfer from one layer to the other within ashort distane. 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 setion 5.2.5 in hapter 5 for aomplete disussion 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 distane is rather long. In a theoretial 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 distane falls within the upper bound reatedby our study. It may be within the reah of e-beam lithography tehniques to reate ameasurable in-plane spin di�usion devie. In any ase the attempt to reate suh a devieannot be disouraged by our data.



Chapter 5Critial Current Suppression Injetion Devies5.1 Introdution5.1.1 Controllable Weak Links and Quasi-partile injetion deviesThe �rst experimental three terminal superonduting devie with a signi�ant gain wasreated by Wong et al. [Wong 1976-77℄. The design and premise of the devie was simple.A bottom tin, Sn, bridge 10�m in width and 600 to 1000�A thik interseted a 5 �m widetop bridge of lead, Pb (see �gure 5.1). The temperature was lowered until the Sn bridgebeame superonduting (at whih point the Pb bridge was also superonduting). Currentwas then transported, or injeted (IInj), from the Pb to the Sn and the ritial urrent ofthe Sn bridge was measured. This devie was referred to as a ontrollable weak link or"CLINK". Quasipartiles arriving from the Pb reated a non-equilibrium state in Sn. Inthis way the ritial urrent of the Sn ould be ontrolled by the injeted urrent from thePb. A gain, G = ��I�Iinj ; (5.1)of about 20 at a temperature of 2K was reated in these devies.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 superondutor. The phonons below the gap140



141

Figure 5.1: Shemati 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 inwhih all the phonons are at the same elevated temperature. The properties of the non-equilibrium superondutor quasipartile distribution are then provided by the same BCSequations with the adjusted temperature T� in plae of the bath temperature T. Parker'smodel assumes that phonons within the superondutor are more likely to be reabsorbedby the superondutor with the reation of a quasipartile pair than they are to esape thesuperondutor. It also assumes the time required for quasipartiles to thermalize with thelow energy phonons (< 2�) is large ompared to their reombination time.With an inreased temperature T�, the number of quasipartiles in the superondutorquasipartile distribution would inrease. Due to harge neutrality, the number of ooperpairs would derease, thereby dereasing the ritial urrent. Parker's model gives thesuperondutor gap dependene on the quasipartile density,�(nqp)�(0) �= 1� 2nqp4N(0)�(0) ; (5.2)where nqp is the quasipartile density, N(0) is the single-spin density of states in the super-ondutor, �(nqp) is the perturbed energy gap, and �(0) is the equilibrium gap at T = 0.The ritial urrent is proportional to the superonduting gap, JC / �. This shows thegap dereases as the quasipartile density inreases, thereby dereasing the ritial urrent.Another popular non-equilibriummodel is provided by Owen and Salapino [Owen 1972℄.



142In this model rather than a inreased temperature, a new hemial potential, ��, is appliedthe BCS equations. This model assumes the opposite of Parker's in that, the time requiredfor quasipartiles to thermalize with the low energy phonons (< 2�) is small ompared totheir reombination time. The quasipartiles then maintain the bath temperature T anda onstraint on the number of quasipartiles gives rise to the additional hemial potential��. The modi�ed quasipartile distribution would give rise to a derease in ritial urrent,similar to that of Parker's model mentioned above.The redution of the order parameter dereases muh faster than the predition ofParker's model. A �rst order transition to the normal state is predited fornqp > 0:6N(0)�(0) (5.3)In either ase, Parker or Salapino, a derease in the order parameter is reated by thequasipartile injetion, and in turn a redution of the ritial urrent.When urrent is injeted into a superondutor a non-equilibrium population of quasi-partiles, Æqp, is reated over a �nite region [Gim 2001℄.Æqp = Jinj�effed ; (5.4)where Jinj is the injeted urrent density, �eff is the e�etive quasipartile reombinationtime, e is the eletron harge, and d is the thikness of the perturbed region. If the super-ondutor is thin enough, d is the thikness of the �lm.Combining equations 5.4 and 5.2 yields [Gim 2001℄,d�dJinj �= ��eff2eN(0)d : (5.5)Both the non-equilibrium quasipartile density and the suppression of the gap with injetionare linearly dependent on �eff . The quasipartile reombination time, �r, dereases expo-nentially at lower temperatures due to the exponential derease in the number of available



143quasipartiles to pair with [Dynes 1978℄.�r �= �0��(T )kT �1=2e�(T )kT ; (5.6)where �0 is the harateristi relaxation time related to the eletron-phonon ouplingstrength, and k is Boltzman's onstant. This ombined with equations 5.5 and 5.2 preditsthat the gain of a quasipartile injetion devie should inrease with dereasing temperature.That is if the e�ets are presribed to quasipartile injetion.In 1987, with the invention of high T superonduting materials, experiments in super-onduting three terminal quasipartile injetion devies, also known as "QPIDs", wererevisited with hopes of reating a high gain devie at temperatures above the liquid nitro-gen temperature of 77K. Theoretially, high T superondutors are not found to be welldesribed by BCS theory and urrently remain unresolved. Also, the ritial urrent of highT materials is generally dependent on ux pinning, and it's detailed dependene on theorder parameter is unknown. Generally one assumes, the ritial urrent is related to theorder parameter, J / �, ditated by Ginsburg-Landau theory. Thus the suppression ofthe order parameter given by BCS non-equilibrium quasipartile injetion arguments is atleast qualitatively orret.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 injetion devie at high temperature[Boguslavskij 1994℄. The devie onsisted of a Au or Au/PBCO injetion pad on YBCO.A gain of �2 was found at 65K in the Au/YBCO strutures.In 1994, Iguhi et al. also tested a Au/MgO/YBCO ross strip quasipartile injetiondevie, ahieving a gain of � 1.2 at 4.2K.
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Figure 5.2: Shemati of a quasipartile injetion devie. The YBCO bridgewas 8-20�m wide and 800�A thik. The Au and PBCo were 300�A an 0-400�Athik respetively. [Boguslavskij 1994℄More reent quasipartile injetion experiments on YBCO have be performed. Shnei-der et al. found gains up to 15 at 81K in ross strip devies onsisting of Au/STO/YBCOheterostrutures [Shneider 1999℄. But more reently, Mor�an et al. from this same grouppublished an exellent paper for similar Au/STO/YBCO devies [Mor�an 2003℄. Taking ur-rent addition and heating into aount Moran estimated a possible gain aused by quasi-partile e�ets of 3.5 at 77K, and experimentally obtained a gain of 5 at 77K. This resultwill be returned to later.In these ross-strip devies urrent summation e�ets were aounted 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 quasipartile injetion experiment. Oneattahes a urrent soure to their sample and applies a test urrent. With no injetionurrent applied, one �nds a voltage appears at the appliation of a positive test urrentwith an amplitude jI+t j and a negative urrent with an amplitude jI�t j. The ritial urrent,I(0), is then alulated as I(0) = jIt+j+ jIt�j2 : (5.7)When one applies an injetion urrent and repeats the above experiment, one �nds a



145voltage appears at the appliation of a positive test urrent with amplitude jI 0+t j and anegative test urrent with amplitude jI 0�t j. One might be inlined to alulate the ritialurrent, I(Iinj), in the same way as above. This alulation is inaurate however.This an be seen by onsidering the maximum urrent amplitude present in the super-onduting bridge, jImax+ j, when the injetion urrent and the test urrent are applied inthe same diretion.It is easily seen the urrents add together at the edge of the injetion region yielding,jImax+ j = jI 0t+j+ jIinj j.
Figure 5.3: Shemati of urrent summation in 3 terminal devie.Notie this urrent is not the same as what you would read on your test urrent soure!The maximum urrent amplitude present in the superonduting bridge when the testurrent is applied opposite to the injeted urrent is simply what is measured, jImax� j =jI 0t�j. This yields an atual ritial urrent of,I(Iinj) = jI 0t+j+ jI 0t�j2 + jI 0inj j2 (5.8)We de�ne the measured ritial urrent given by the test urrents when a injetion urrentis imposed as, I� (Iinj) = jI 0t+j+ jI 0t�j2 (5.9)The mistake many published experiments make is to alulate the gain of their devie,de�ned as, G � �ÆI=ÆIinj (5.10)



146using only the test urrents, and not taking urrent summation into e�et. This results ina inorret gain (G*) alulation of ,G� = � [I� (Iinj)� I(0)℄(Iinj � 0) = �(I(Iinj)� I(0))=(Iinj) + 1=2 (5.11)Notie an extra fator of 1/2 is added to what should be the atual gain. Therefore a gainof up to 1/2 an be measured in a injetion devie, even when no non-equilibrium e�etsare present. In the ase of more omplex injetion urrent geometries the o�set to the gainaused by injetion an vary due to the injeted urrent distribution in the measured region.This is espeially important to onsider when there is a distint possibility of injeted urrentbeing delivered outside the measured ritial urrent region. Also, when di�erent insulatingbarriers and materials are used in suh devies it an be hard to preisely disriminatebetween results. This error will be noted in the review of ertain spin injetion devies inthis setion.5.1.2 Spin Injetion Critial Current Suppression DeviesIn 1993, interest in superonduting three terminal devies was again revitalized with the're'-disovery of ferromagneti olossal magnetoresistane materials [Helmolt 1993℄[Chahara 1993℄. These materials were found to have a high degree of spin polarization (seehapter 3), and their perovskite rystal struture made them ompatible with the high-Tsuperonduting oxides. An injeted urrent with a spin polarization 6= 0 has been suggestedto have a larger e�et on the ritial urrent than the usual quasi-partile injetion. Thepossible tehnologial appliations of high gain superonduting devies above the liquidnitrogen temperature of 77K spurred the investigation of suh devies.The premise of inreased gain due to spin injetion, aside from the standard quasipartileinjetion e�ets, was based on the following onept. Suppose a ferromagnet is in ontatwith a superondutor. (Often a thin insulating barrier is plaed between them to prevent



147Andreev reetion and the proximity e�et from ompliating the interation.) If a voltageis applied between the ferromagneti and the superondutor, eletrons will travel fromthe ferromagnet into the superondutor (or vie versa). In a BCS theory framework, thesuperondutor arries urrent via a ondensate of ooper pairs (harge 2e). Cooper pairsonsist of a spin up and a spin down eletron and pair due to an attrative potential broughtabout by interation with the ion lattie. At an energy gap of 2� above the ooper pairondensate, single eletron states, known as quasipartiles, exist in a Fermi distribution.The net spin orientation of the quasipartiles in the Fermi distribution is neutral. A super-ondutor is therefore a spin neutral entity, that is it has just as many up spins as down spins.Quasipartiles of opposite spin an pair via an interation with a phonon and relax into theondensate. An equilibrium is reated for a given temperature between the ondensate andquasipartile states.A ferromagnet on the other hand has a surplus of spins aligned in a diretion ditatedby 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 thisimbalane an eletrial 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-ondutor a surplus net spin is injeted into the superondutor. Hene, the term 'spininjetion'.Quasipartiles have a lifetime Ts inside a superondutor, after whih they pair anddeay into the ooper pair ondensate. With an applied spin injetion, one spin branh ofthe quasipartile distribution, i.e. the up spin, is over populated. Thus there is a dereasedprobability that two quasipartiles will form a ooper pair simply beause the availablepairs of eletrons with opposite spins is diminished. With no down spin eletron to pairwith, injeted quasipartiles have an additional lifetime, Tspin. This time orresponds tothe time in whih a up spin quasipartile satters into a down spin state at whih point it



148would aquire the normal quasipartile lifetime due to the ample supply of up spins to pairwith. Tspin, maybe quite a bit longer than the normal quasipartile life time beause thereare not many available sattering proess to ip spin. The most aessible mehanism isthe spin-orbital interation in whih the spin interats with a pseudo-relativisti magneti�eld it pereives from the eletri �eld of ion lattie. Also, spins may satter o� of magnetiimpurities. Due to the injeted spins extended lifetime inside a superondutor, a quasipar-tile bottlenek would be reated in whih the quasipartile distribution is over populatedin omparison with it's unperturbed state. Due to harge neutrality, the overpopulation ofthe quasipartile distribution must orrespond to a derease of the number of ooper pairs,and in turn the ritial urrent of the superondutor.Extended spin lifetimes ould allow for far reahing e�ets due to di�usion. Whilea superondutor sreens eletri �elds from its interior by setting up ompeting surfaeurrents, it has no known mehanism for sreening out a spin imbalane. A unbalaned spinurrent ould then di�use throughout a superondutor within the quasipartile population.It has been found by Abrikosov et al. that metalli superondutors doped with evensmall amounts of magneti impurities show a dramati redution in ritial urrent[Abrikosov 1961℄. This e�et is believed to be due to an inreased pair breaking e�etaused by the loal moments of the impurities. This e�et has also been, seen when theCu site of the opper oxide superondutor Bi2Sr2CaCu2O8+Æ is doped with Fe, Ni, and Zn[Hedt 1994℄.In 1997, Vas'ko et al. suggested that a highly polarized urrent injeted into a super-ondutor may ause ooper pair breaking in a qualitatively similar manner to a super-ondutor doped with magneti impurities. For this reason spin injeted from a ferromagnetinto a superondutor may have an appreiable measurable e�et on the ritial urrent ofa superondutor.The �rst, rather rude, YBCO spin injetion ritial urrent suppression devie was



149presented by Vas'ko et al. [Vas'ko 1997℄. The devie 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: Shemati of spin injetion IC suppression devie with unpatternedinjetion layer. The DBCO bridge was 300�m wide. The substrate was 6x6mm.The DBCO/LCO/LSMO heterostruture layers were 400�A/24�A/600�A respe-tively. [Vas'ko 1997℄Current was injeted by applying it to the bottom LSMO layer in various orientationsrelative to the DBCO bridge. See �gure 5.4 for a shemati of the devie. The assumptionwas made that the injetion urrent would enter the superondutor due to the low resistaneshort it reated. No urrent summation e�ets were taken into aount in this study. Aninreasing 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 whih a bare DBCO bridge had a layer of golddeposited over the top. Current was injeted from the gold to the DBCO in the samemanner as previously mentioned. This was done to ompare the suppression e�ets ausedby random spin oriented quasipartile injetion to those of the proposed highly spin orientedinjetion. In this ase the gain was found to be � 0.1 at 60K, whih was signi�antly lessthan LSMO injetionGim et al. raised several ritiisms to this experiment, aside from not taking urrent



150summation into aount [Gim 2001℄. One is the lak of an inrease in gain below 40K, wherethe previously mentioned theoretial models of non-equilibrium superondutivity point toan inrease of gain with dereasing temperature.Another major ritiism had to do with urrent transfer length. When a metal layer,suh as the LSMO, is in ontat with a superonduting layer, suh as the YBCO, urrenttransfers from one to the other as an exponential deay with a transfer length LT . Thistransfer length is given by a transmission line model [Berger 1972, Gim 2001℄ as,LT = s rRsq 1=2; (5.12)where r is spei� ontat resistane between the metal and the superondutor, and Rsqis the square resistane of the metal layer. The transfer length gives a good estimation ofthe region most diretly e�eted by injeted urrent. This model is disussed in more detailin setion 5.2.Estimates of transfer lengths for Va'sko's devie were on the order of 1 �m while thewidth of the devie bridge was 300�m. Also, the ontrol sample made with gold as theinjeting layer would have largely di�erent transfer lengths due the di�erent square resis-tane and ontat resistane for the material. Therefore it is very diÆult to draw relevantonlusions from the omparison of the spin injetion and the ontrol sample.Numerous alternate spin injetion experiments followed with a variety of results. Thefollowing are some of the more popularly referened of the initial reports.Almost simultaneously to Va'sko et al., Chrisey et al. produed a three terminal devieonsisting of a bottom bridge onsisting of a 200 nm thik 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 hemial barrier to preventproximity and hemial e�ets aused by diret ontat of the permalloy. A larger gain (�10) was found in one sample for the ferromagneti injetion as ompared to the Au ontat



151injetion (� 5). A small perentage of other samples showed a similar di�erene thoughnot as large. For most samples however little di�erene was seen between the to di�erentsenarios! No urrent summation was taken into e�et, and test urrents were rather highbeing on the order of 100mA. In general the onlusions were not very onvining.Dong et al. reated a parallel injetion devie, 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 forontats) [Dong 1997℄. All three layers were patterned into a single strip with varyingwidths of 20-250�m. The top YBCO layer was then ethed away on either end and fourgold leads were patterned on the surfae. Current was injeted into the YBCO by applyinga urrent between the bottom layer and one of the gold leads on the top YBCO surfae.Critial urrent was measured via a four point measurement using the four top leads.

Figure 5.5: Shemati of 4 terminal spin injetion IC suppression devie.[Dong 1997℄A gain of 1.4 was observed for the NSMO devie, as ompared to a gain of .09 for the



152LNO devie with the same LAO barrier thikness. For all devies, the NSMO provided again 10 - 30 times larger than the LNO. A gain as large as 5 at 74K was measured withthe NSMO devie. It should be noted that no urrent summation e�ets were taken intoaount in this study. The total power density aused by the injeted urrent, alulatedas PInj=J2R1A (where R1 was the juntion resistane, J the injeted urrent density, andA the ross-setional area), was � 2 W/m2.This power density was laimed to be insuÆient to ause enough temperature hange toreate the e�ets. 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 whih a 50 �m YBCObridge was optially radiated with a laser pulse train for varying times. Several early spininjetion papers make referene to this result. But there are not many other reasons givento exlude heating from the devie gain.Gim et al. also ritiized 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 thedisrepany in transfer length, a larger gain would be expeted in the LSMO samples dueto quasipartile injetion regardless of spin e�ets. Also, sine urrent transfers from thebottom metalli layer to the top superondutor over a �nite width whih was less than thetotal length of the devie, using the entire area of the YBCO to alulate power densitywould yield a gross under estimation. This error is made in almost all the YBCO spininjetion studies to date. However, aside from some ambiguities, Dong's experiment is oneof the better spin injetion studies made to date.Stroud et al., from the Navel Researh Laboratory (NRL), found a gain of 35 at 77Kin YBCO/STO/LSMO ross strip 3 terminal devie [Stroud 1998℄. The devie 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 devie had a ritial urrent of 100mA at 77K and was



153suppressed to �30mA with a 2.5mA injetion urrent. The e�et of heating was simulatedby running urrent through the bottom LSMO without injeting it. A gain of 6 was foundin that on�guration. Current summation was not taken into aount, although it ouldonly aount 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 ritial 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 assoiated with vortex motion and there was learly dissipation below thedetermined ritial urrent values. The atual value of the ritial urrent ould be ordersof magnitude below the reported values. Also, the thikness of the STO barrier (400�A) isfar beyond and barrier width normally assoiated 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 plaed on Stroud's results [Koller 1998℄. Theresistane of YBCO/STO/LSMO interfae was given as 3 K
. 22 mWatts of power werelaimed to be dissipated in the substrate at higher injetion urrents. But, most importantly,in this paper the laim was made that when devies were made with exeedingly better�lm qualities (Better T(0) for YBCO, better ferromagneti transition temperature for theLSMO � 300K) the devies then showed little to no gain! While this group is widelyreported as attaining the highest gain, the physial proess it is obtained by is very muhin doubt by their own admission.Yeh et al., in 1999, tested a perpendiular spin injetion devie onsisting of a YBCOstrip atop a LSMO or LNO plane with barriers of YSZ and STO of varying thikness inbetween. Current was injeted by passing a urrent through the LSMO layer perpendiularto the top YBCO strip and extrating 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 whih



154were attributed to heating. Small gains near T of about 1 were found for the LSMOstruture while no gain was found for the LNO strutures with similar injeted urrents.Yeh's devies 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 forsuh devies would provide an injeted region � 1% as noted by Gim [Gim 2001℄. Evenif suppression was aused by di�usion of spin throughout the superonduting region, thearrier di�usion onstant in YBCO is on the order of a few m2/s. Therefore the injetedurrent would have to at least be applied for 2ms in order to allow enough time for the largedevie are to be ompletely e�eted. This is far beyond the time of the pulsed urrent timepresented.A few other spin injetion devies 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/DyBa2Cu3O7devie. LBMO was the top layer in this devie, and was patterned with ion milling into a10 x 20 �m injetion region. The ritial urrent of the bottom layer was then measuredwith injetion. There was no mention of urrent addition being taken into aount. Also,there was no insulating barrier in this experiment.Plausinaitiene et al. [Plausinaitiene 2001℄ reported gains of � 3 in devies similar tothose of Wei et al [Wei 1997℄. However devie size is in the order of millimeters with LSMOand YBCO �lm thiknesses of 2000 �A.Also, Sakar et al. reported di�erenes in injetion e�ets between normal metal andferromagnet injetion in an unusual devie [Sakar 2001℄. Critial urrents were omparedin the millivolt region of measured V-I urves (see Stroud above).Dumont et al. found very small gains in an unusual injetion sheme [Dumont 2003℄.Samples onsist of a bottom 2000�A LSMO layer with a top 500�A layer in whih the topYBCO is patterned into a 40� wide bridge. A relation to heating due to the injeted urrent



155is evident in their devie although no information is provided about applied urrent times.An interesting related experiment was done by Mikheenko et al. in whih the magnetimoments 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 injet urrent from the bottom layer. By applyinga perpendiular magneti �eld to the sample while in it's superonduting state, the samplewas plaed in a Bean ritial state [Bean 1964℄. The Bean state is attained when the urrentowing around the superondutor to maintain the trapped magneti �eld is equal to theritial urrent. The measured magneti moment is then determined by this trapped ux.Upon the appliation of a single 60 mA urrent pulse from the LCMO and LNO layerto the YBCO, a derease in the measured magneti moment was found. For urrent pulsesapplied for longer than 100 ms, a large hange in magnetization was seen whih 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 distintly smaller.However, an obvious di�erene 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 irulating superurrent 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 tehnique andresults are interesting.In general the results of previous spin injetion studies involving YBCO are sattered andunreliable. Thus, nearly eight years after this branh of experimental work was oneived,the �eld is still wide open to new experimental results and interpretations. A de�nitive



156experiment has not yet been obtained and no indiation has been given as to the bestexperimental diretion to proeed. In the following setions results of our measurements onour own unique injetion devies are presented.5.2 Devies and Measurements5.2.1 YBCO/LBMO Cross Strip IC Suppression DevieEarly in this study, a few ross strip type devies were onstruted. See �gure 5.6. Thedevies 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 onduting properties, and the strips wereplaed as lose together as visually possible. In PLD, physial masking is diÆult dueto shadowing e�ets and thermal non-uniformity aused on the sample surfae due to themask. It is very diÆult 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 ething with dilute nitri aid into a 10 �m wide bridge. The ferromagnet layerwas magnetized by ooling it below it's ferromagneti transition temperature, removingthe vauum tight probe from the ooling environment, applying a magneti �eld, and thenreinserting the probe.
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Figure 5.6: Piture of YBCO/LBMO IC suppression ross strip devie. 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 devies were found to have gains almost exatly equal to 1/2 fora large temperature range This seems to diretly point too the devie being dominated byurrent summation e�ets. However, the YBCO bridge ould have had weak links outsideof the injeted region that dominated the ritial urrent measurement. Also, the 200 x10 �m injetion region was rather large. Therefore, an even distribution of urrent wasunlikely. At points where the YBCO strip intersets the LBMO strip the YBCO rystalstruture, omposition, and thikness is not well de�ned. These regions ould also dominatethe ritial urrent yet not be in the injetion region. This type of devie was abandonedfor these reasons.5.2.2 YBCO/LBMO IC suppression devie with unpatterned LBMOA IC suppression devie with an unpatterned bottom injetion layer, similar to that ofVas'ko et al. [Vas'ko 1997℄, was also tested. See �gure 5.4. The heterostruture onsistedof a patterned 1000�A YBCO top layer with a bottom unpatterned 1000�A LBMO layer.The YBCO/LBMO heterostruture was grown in situ. The top YBCO was then patternedusing photolithography and wet ething with dilute nitri aid. The bottom LBMO was
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yln041800ICFigure 5.7: Critial urrent vs. injeted urrent for YBCO/LBMO injetiondevie with unpatterned LBMO The YBCO bridge was 1000�A thik and 10�mwide. This data was taken at 80K. The devie is similar to that of Vas'ko et al.[Vas'ko 1997℄not ethed by the nitri aid and was left fully intat.Current was passed between leads attahed 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 onneted to 400 x 400 �m pads. This makes thee�etive injetion area diÆult to de�ne. The urrent injetion was expeted to take plaefrom the shorted urrent through the superondutor as in Vas'ko0s experiment. The deviewas found to have small gains � 0.3 at 80K. This gain is similar to that of Vas'ko0s.With small gains and no diret way to tell whether the injeted urrent was arrivingin the tested superonduting bridge or not, it was impossible to determine if the reduedritial urrent was aused by a spin e�et of simple urrent summation. Therefore thisexperiment was abandoned.



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

Figure 5.8: Shemati and piture of a YBCO/STO/LSMO side injetion 4 ter-minal devie. The YBCO bridge was 1000�A thik, the bottom LSMO 1000�A, andthe STO from 0 - 80�A. The devie was similar to that of Dong et al.[Dong 1997℄Current was injeted from a side ferromagneti pad into the opposite side YBCO urrentpad and the ritial urrent of the devie was measured. The ritial urrent was de�nedas the urrent neessary 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 thikness showed a large di�erene in ritial ur-rent suppression. Samples with no barrier showed very little to no gain, while devies 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 aounts for a large



160fration of the measured gain.These devies have similar downsides to those mentioned for Dong's devie above, (seesetion 5.1.2). Injeted urrent arrives in the superonduting layer within a transfer lengththat an be small ompared with the length of the YBCO bridge. Therefore, most spin in-jetion e�ets ould take plae at the edge of the devie away from the entral measurementregion. It was diÆult to estimate the resistane of the YBCO/STO/LSMO interfae forthese devies as there was some signi�ant ontat resistane in the gold/LSMO injetionurrent leads. This made it diÆult to asertain what transfer length was present in ourdevies. The measured V-I urves are o�set as seen in �gure 5.9. This indiates that someurrent summation was most likely inluded in the measurement.Also, at the time these devies were made the STO target used for PLD was not a singlerystal 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�etspresent in these devies. Also, it was later determined in a AFM study that LSMO �lmsthiker than 500�A yield rough surfaes and out growths of > 100�A. Current injetion ouldbe dominated by these pin holes and satter e�ets throughout the bridge. This ouldexplain the losely mathed data of the various STO thiknesses.In order to redue heating of the sample, the duration of the applied urrent and thetiming of the measurement of the voltage were preisely ontrolled and minimized. For ourequipment, Keithley 2400 souremeter and 2182 nanovoltmeter, the fastest the measurementould be made, while retaining an aeptable noise level was by applying the test urrent for3 mse settling period and maintaining it through the 16 mse (1 PLC) measurement yleof the voltmeter. Making the total time for the applied urrent � 20 mse. (The atualtime the urrent was applied was for 65 mse. but the extra 45 ms took plae after themeasurement yle. An explanation of the exat timing sheme and reasons for the extraurrent are given in setion 2.10.) Time between measurements was 3 seonds, reating a



161duty yle of < 10�2. This measurement sheme was used for all measurements shown hereafter.At lower temperatures, the larger test urrents neessary for measurement (>50mA)ombined with the large injetion urrents required made measuring the samples diÆult.Often the samples were damaged due to the large urrents involved (the test urrent leadhad to transport the test urrent plus the injetion urrent and was usually the �rst tobe damaged). Also, noise from the soure meter inrease as the required urrent rangeinreases. Due to the poor Au/LSMO ontats, this sometimes aused noise beyond the 1�Vparameter used to determine the ritial urrent. Due to these diÆulties, low gains, andno good way to overome the transfer length problem, these experiments were abandoned.
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Figure 5.9: Critial urrent vs. injetion urrent and V-I urves for side inje-tion 4 terminal suppression devie. (A) Normalized ritial urrent as a fun-tion of normalized injetion urrent for a four terminal side injetion suppressiondevie. I(0) is the ritial urrent with no injeted urrent. The samples on-sisted of a YBCO/STO/LSMO heterostruture. The top and bottom YBCOand LSMO layers were both 1000�A thik. The STO thikness was varied from0 - 80�A. All data is for a 20 �m wide YBCO bridge. Critial urrents were �1.5 mA at 97%TC(0) to 40 mA at 80%TC(0). (B) Voltage vs. urrent for afour terminal side injetion ritial urrent suppression devie. The urves weretaken at 80K (97% TC(0)) for a 0�A thik STO devie. Note, the o�set is almostequivalent to the injeted urrent.



1635.2.4 YBCO/I/LSMO Five Terminal IC Suppression DevieAn original �ve terminal suppression devies was then reated to side step some problemsassoiated with the previous ross strip and four terminal devies. It also onsisted of aF-I-S struture, with the ferromagnet as the bottom layer. In this devie however, theinjetion urrent travels through the bottom ferromagnet in a perpendiular diretion tothe top superondutor strip under test, and then upwards through the superondutor intoa middle gold pad. This is referred to as injetion sheme #1, (See �gure 5.10). This isdone in an attempt to ensure a e�eted injetion region is reated between the two voltagemeasurement leads. Injetion urrent was also delivered through a top side ontat and thevoltage measurement made in an adjaent region. This is referred to as injetion sheme#2 (See �gure 5.10). This was done in an attempt to observe any possible injetion e�etsaused at a distane due to di�usion of spins. Also, the side injetion sheme was used asa way to asertain if there were signi�ant heating e�ets in the devie.The data shown in �gure 5.11 shows the normalized ritial urrent vs. injetion urrentfor devies with STO barriers of 0 - 60 �A. The data is normalized by dividing the ritialurrent, IC , and the injetion urrent, Iinj, by the ritial urrent attained with no injetedurrent IC(0).Several problems with the side injetion 4 terminal devie were avoided by the �ve ter-minal devie. The entral injetion sheme prevented any large urrent summation e�ets.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 sideinjetion provided a better hane for spin e�ets to be present in the measured voltageregion. The large low resistane injetion lead lowered any global heating e�ets.The reated gains were rather small (� 1). Results were found to be similar regardlessof STO barrier in ontrast with the 4 terminal devies. Side injetion e�ets (Injetion 2)
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Figure 5.10: The top and side ross-setion shemati of YBCO/STO/LSMO�ve terminal injetion devie are shown. Voltage #1, V1, and injetion urrent#1, Iinj1, are the measured voltage and injetion urrent for the entral injetionsheme #1. The side injetion sheme #2 is similarly shown. All results shownare from 20 x 150 �m YBCO bridges. The top middle gold injetion 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 forinjetion. The top YBCO layer of the 400 x 600 �m ontat region was leftintat beause the ontat resistane between the YBCO and top gold layer wasnegligible.were very small < 0.1. This at least indiates there is no global heating e�ets that aountfor the suppression e�ets. But, the side injetion annot rule out loalized heating. Also,it is diÆult to tell whether the side measurements have anything to do with spin e�etsdue to di�usion or not.Interestingly the ritial vs. injetion urves of these devies have a tendeny to ol-lapse onto a single urve at lower temperatures. As shown before, BCS models predit aninreasing gain as temperature derease.
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Figure 5.11: Critial vs. injetion urrent for a several �ve terminalYBCO/STO/LSMO devies. Labels #1 and #2 refer to injetion shemesshown. Sample (A) and (B) had a 1000�A thik 20 x 150 �m YBCO bridge,a 60�A STO barrier, and a 1000�A bottom LSMO layer. Sample (C) was thesame exept it had a 20�A STO barrier. (D) shows the ritial urrent vs. tem-perature for the three devies.



1665.2.5 YBCO/I/LSMO Multi-Terminal IC Suppression DevieFinally, a multi-terminal devie was reated to allow better injetion loalization (see�gure 5.12). The devie onsisted of the usual YBCO/STO/LSMO struture, butYBCO/STO/LNO strutures were tested as well. Injetion was still made from the bottomferromagnet to the top superonduting region. However the bottom injetion lead wason�ned to a small area before onneting to the top superondutor. Only a small regionof the top YBCO was removed on the injetion lead in order to keep its resistane at aminimum. This was done to redue any heating e�ets. If injetion urrent leaked, due topinholes, into the above superonduting �lm, any e�ets would at least be loalized to aknown region. The voltage measurement leads were patterned YBCO to redue resistaneand nullify any quasipartile injetion provided by metal leads.YBCO leads were available at di�erent distanes from the injetion in order to measureany distane suppression e�ets. These samples were tested in a ontinuous ow ryostatwhih allowed the appliation of a magneti �eld during measurement. See setion 2.9 formore details.All data presented was for 10 �m wide YBCO bridges. A new ion mill provided a bettermeans by whih to eth the devies making 10 �m more attainable. See setion 2.8.1 for ionmill details. The YBCO measurement leads were also 10 �m in width with 10 �m distanebetween.Speial attention was paid the resistane of the urrent injetion path. A ritiismof previous injetion devies in other studies has been over the subjet of urrent transferlength (see introdution 5.1.2). Current transfer between two layers with a ontat resistanebetween them an be modeled with a transmission line model [Berger 1972, Gim 2001℄.The model desribes a 2 layer struture with a bottom metalli layer and a top super-onduting layer, both of whih are uniform (see �gure 5.13). Assuming a uniform urrent
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Figure 5.12: Multi-terminal devie for YBCO/STO/(LSMO or LNO) devie.Injetion urrent was direted through the bottom LSMO or LNO in to the topYBCO as shown. The devie bridge and leads were 10 �m wide.

Figure 5.13: Shemati of transmission line model. [Gim 2001, Berger 1972℄



168ow along the two layers, onsider a small piee of urrent dI that ows aross a smallportion of the barrier of Area wdx. This results in a voltage drop of,V (x) = rw dI(x)dx ; (5.13)where r is the spei� resistane of the barrier and w is the width of the devie. V (x) isthen the voltage between the bottom LSMO and the top YBCO.The urrent owing along the bottom layer also auses a little piee of voltage dV alonga small distane dx whih yields,I(x) = tw� dV (x)dx = wRsq dV (x)dx ; (5.14)where in relation to the bottom layer, t is the thikness, � is the resistivity, and Rsq is thesheet resistane or square resistane.Combining equation 5.13 and 5.14 yields,d2V (x)dx2 � Rsqr V (x) = 0; (5.15)whih, for a long ontat, yields an exponential deay with a harateristi length,LT = s rRsq : (5.16)In referene to the piture 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�etive resistaneof the superondutor/ferromagnet sandwih struture, given by ombining equations 5.14,5.16, and the solution of 5.15, is,Reff = V (L)� V (0)Iinj = 2prRsqw tanh L2LT : (5.17)For a long ontat, L >> LT , Reff � 2(rRsq)1=2=w. In the ase of long ontat in whihthe urrent is extrated from the top layer the e�etive resistane is half of this result,Reff � prRsqw : (5.18)



169For the YBCO/STO/LSMO and the YBCO/STO/LNO devies shown in �gure 5.14,the total resistane of the injetion path, Rinj, was reorded simultaneously to the ritialurrent measurement. Using the known ondutivities of LSMO and LNO, the resistane ofthe small exposed region before the injetion point, Rbot, was subtrated from Rinj. Sinethe measurement of Rinj also inludes both the resistane of the injetion lead and theYBCO bridge injeted region the e�etive juntion resistane is taken as half the remainingresistane 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) respetively. This shows a large fration(>50%) of the width of the 10�m bridge was diretly subjet to the injeted urrent. Thisfration of diretly e�eted area is the large ompared to most published devies analyzedwith the same riteria. We redit these results to an exellent STO barrier similar to thatof the LSMO/STO/LSMO juntions already presented. See setion 3.2.1. Therefore theseresults an be onsidered a good indiation of the suppression aused by urrent injetion.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) respetively. The lower resistivity of LNOompared to LSMO an aount for this longer transfer length. In the ritial urrentsuppression results this di�erene should be noted. The longer transfer length results in alarger diretly injeted area making the omparison of LSMO and LNO devies somewhatdiÆult.A YBCO/LSMO devie with no insulating barrier was also tested. The overall measuredresistane along the injetion path of the YBCO/LSMO devie , Rinj , is very lose to thepredited resistane of the open LSMO area. The resistane of the interfae is onsiderednegligible in this ase. The transfer length an then be onsidered to be < 1�m. Therefore,in this devies a negligible part of the YBCO bridge is diretly under the inuene ofthe injeted urrent. YBCO/LNO devies were also onstruted and tested. The ritial



170temperature in the YBCO/LNO devies tended to be muh lower than the other devies(�T > 20K) making a omparison diÆult. The reason for the lower ritial urrent isnot entirely lear. Although not shown here, results were found to be very similar to theYBCO/LSMO.Unlike the 5 terminal devie data, the YBCO/STO/LSMO (Y-S-LSMO) and the YBCO-/STO/LNO (Y-S-LNO) (see �gure 5.14) multi-terminal devie's gain shows a de�nite tem-perature dependene at all temperatures. Reall the BCS equations 5.6, 5.5, and 5.4 forquasipartile injetion predit this dependene for the gain. In the Y-S-LSMO struture,the gain is seen to inrease from .5 - 2.5 with reduing temperature. However, for theY-S-LNO struture the gain is seen to inrease from .5 - 4.0.The larger gain observed in the LNO devie an arise for numerous reasons. The �rstis the fat that the Y-S-LNO devie has a muh larger transfer length than the Y-S-LSMOdevie. Therefore a larger region of the YBCO is subjet to diret quasipartile injetionin the LNO devie. Also, while both devies have a similar STO barrier (32�A), surfaeroughness and defets an ause utuations in the e�etive barrier reated, leading todi�erent injeted quasipartile energy levels as well as urrent distributions.Measurements were made in the region of the YBCO bridge neighboring the injetionpoint. The experimental setup allowed the diret injetion area and the side area to bemonitored simultaneously. No voltage appeared in the neighboring regions until after avoltage whih was muh larger than 1�V (> 3� 4�V ) arose in the diretly injeted region.This indiates that there are no long reahing di�usion e�ets whih ause large areas (> 10x 10�m) of the YBCO bridge to beome normal under injetion. All e�ets are primarilyisolated to the diret injetion point.Finally the interfaes of YBCO/STO and STO/LSMO are not well understood. It wasseen in the LSMO/STO/LSMO juntion study that the LSMO properties are most likelydeteriorated at the STO interfae. It is diÆult to tell what e�ets may be present in
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172the YBCO/STO interfae. The spin polarized urrent arriving from the LSMO ould besattered to yield a normal quasipartile urrent. In this way the LSMO would be similarto the LNO in ritial urrent suppression.Various magneti �elds were applied during the measurements in an attempt to seedi�erenes arising from the domain struture of the LSMO layer. Neither devie was e�etedby the appliation of a in plane magneti �eld. The results from the appliation of a 500Gauss in plane �eld are shown with the data. This �eld was suÆient to overome thein-plane oerive �eld of the LSMO layer, yet small enough to leave the YBCO largelyuna�eted. The in-plane ritial �eld for YBCO is on the order of 100 Tesla. The fatthat the gain shows no deviation with applied �eld for the Y-S-LSMO sample does notbode well for a spin injetion piture. 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 diretion ould be varied with the appliation of a magneti �eld, thishange may not be reeted in the ritial urrent suppression. Out-of-plane �elds werealso applied to the sample. Very small similar deviations were seen for both samples.Resistanes along the injeted urrent path are similar for both devies. The totalresistane shown by both devies is � 500 
. The resistane derived for the urrent injetionjuntion region of the devies at 30%T(0) is � 60
 for the Y-S-LSMO devie, and � 220
for the Y-S-LNO devie (see transfer length disussion above). Maximum injetion urrentswere on the order of 10 mA at these temperatures. The e�etive injetion area was around10 x 10 �m for the Y-S-LSMO, and 10 x 50 �m for the Y-S-LNO (e�etive injetion areataken as the width of the devie 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 devie.These values surpass the ritial power value of 3700W/m2 [Shi 1993℄ often quoted byspin injetion studies. However if these e�ets were simply attributed to heating the LSMOwould learly have a larger suppression e�et, whih 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 devies for lower temperatures and higher urrents. However,the time of the applied urrent before the voltage measurement took plae was varied inthis experiment. Normally the urrent was applied for a 3 mse settling period before thevoltage measurement ourred. The voltage measurement is taken for 17 mse after whihthe urrent is turned o�. The time of the applied urrent before voltage measurement wasinreased to 300 mse before any real deviation was seen in the ritial 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 reeted in largersuppression. It should be noted that when the time was inreased to 30 mse, no deviationwas seen in the data.A YBCO/LSMO devie with no STO barrier is presented in �gure 5.14. The totalresistane of the injetion path for this devie was � 150
. As mentioned before, transferlengths in this devies are hard to determine and are onsidered to be very short (<< 1�m).This devie has a muh thiker YBCO layer than the devies with STO barriers. Also,heating in these devies would most likely be greatly redued from that present in thedevies with barriers. The suppression of the ritial urrent is not as large as the deviewith the STO. A lear temperature dependene is seen in the suppression. Measurementsbelow 80% of the ritial temperature ould not be made due to the large ritial urrentsand therefore the large injetion urrents required for suppression. When urrents beametoo high, the devies were sometimes found to fail.All the multi-terminal devie data suggests a few di�erent possibilities. Suppressione�ets may be due to quasipartile injetion e�ets, where there is no polarized spin transferdue to sattering at the interfae. Possibly heating e�ets are ausing gains by simplyhanging the temperature of the YBCO bridge. However in order to reate the observeddi�erenes in ritial 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 mehanism ofsuppression. Finally it is possible that the e�et of the polarization of the injetion urrentis very little in terms of ritial urrent. For YBCO the ritial urrent relation to the orderparameter is unknown beause tunneling experiments are diÆult and inonlusive.In any ase, the indiations for a YBCO three terminal devie are not good. Of thehundreds of spin injetion suppression devies 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 ritial temperature of YBCO, and therefore muh less than 77K.



Chapter 6Conlusions and Future WorkThe magneti tunnel juntions investigated in this study show some hope for the very realattainment of a valuable tehnologial devie. LSMO/STO/LSMO tunnel juntions 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 interfae may be the ause of this dereased operating temperature. If thenature of this deterioration an be better understood it may be possible to insert a verythin interfae bu�er layer to prevent this degradation. For example if the barrier region isfound to be Sr de�ient or rih, a orresponding over or under doped LSMO layer ould beinserted.The high resistane demagnetized state and the orresponding sharp swithing highvalued tunneling magnetoresistane is very promising and o�ers a new researh area formagneti tunnel juntions. The results found in this study indiates that a premagnetizedstate in whih the �eld is ramped to a high value and returned to zero is not as stableand yields inferior results ompared to samples initially plaed in a demagnetized state. Itseems the juntions maybe more adept at piking their own stable state than when one isimposed on them. The demagnetized juntions show single domain behaviour. It wouldbe interesting via MFM or another tehnique to see the domain struture of suh a devieafter demagnetization. 175



176Currently, when juntions 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 juntions ould be demagnetized before applying the antiferro-magneti layer and yield better or at the very least unique and useful results. Of ourse,juntions reated in industry have preise geometrial design and are very small whih in-dues their ferromagneti layers to have a nearly single domain while the our juntions seemto be subjet to multiple domains. Multi-domains may play a key part in this e�et. Also,the demagnetization e�ets found here maybe unique to manganite juntions, but perhapsthe e�et is more fundamental to magneti juntions in general.It is also interesting that when demagnetized, the juntion piks out a high resistane,whih aording to urrent theories, orresponds to the opposite alignment of domains inthe top and bottom ferromagneti layers of the juntion. This is the lower energy statewhen magneti energy is involved. But, perhaps other mehanisms are at work inludinginterlayer antiferromagneti exhange oupling.The ombination of other olossal magnetoresistive ferromagneti materials in magnetitunnel juntions ould also lead to many useful devies. It has been shown here, in whatis believed to be one of the �rst mixed CMR material juntions, that LCMO/STO/LSMOjuntions an show interesting diretional e�ets. Suh devies ould be very useful insensory appliations. To date there is very little data available on the angular dependeneof CMR magneti tunnel juntions. Also, the ombination of di�erent CMR materialsand perovskite insulating barriers an provide a better understanding of the fundamentalferromagneti mehanism of CMR materials as well as the interfae interation within aheterostruture.The spin di�usion measurement results, for the LSMO/YBCO/LSMO devies, are un-usual. The results for an out-of-plane applied �eld shows a strange symmetry whih is



177di�erent than other similar ferromagneti devie measurements. It may be neessary tomeasure the hall e�et of bi-, tri-, and multi-layer LSMO-YBCO heterostrutures at vari-ous out-of-plane applied �eld angles to obtain a better experimental understanding of whatis being observed.It is diÆult to say whether the obtained results are due to spin di�usion e�ets ornot. While some part of the signal may be due to di�usion, obviously various hall e�etsignals are also at work. Separating the two in suh a omplex devies is very diÆult.Also, devies with 1000�A and 500 �A YBCO layers similar signal sizes but di�erent urves.Therefore it is hard to make a distane 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 distane in YBCO was made. By naivelyassuming that the signal found in the devies is stritly a produt of the spin di�usionsignal, a spin di�usion distane � 0.1 �m was found at 100K. In any ase these at leastplaes an upper bound on the spin di�usion distane. Previous theoretial estimates fallwithin this value. Therefore, the possible in-plane detetion of spin signal in YBCO annot be deterred.In the future, now that good Au/YBCO ontat an be made, a new injetion devie inwhih the top Au pad is separated from the injetion region in suh a way as to redue anyhall signals ould be produed. This ombined with better understanding of the angularapplied �eld e�ets in (LSMO/YBCO)x strutures may allow a preise isolation of the spindi�usion signal.The results of the suppression of ritial urrent of YBCO by spin injetion have notyielded any distint harateristis whih largely separate them from normal quasipartileinjetion. Also, gains are found to be rather small, espeially above 77K. This ombined withthe fat that submiron YBCO devie fabriation is exeedingly diÆult seem to indiatethe no tehnologially appliable 3 terminal YBCO devie is viable in the near future. These



178result are ehoed in a quasipartile study on similar Au/STO/YBCO devies onduted byShneider et al. [Shneider 1999℄. However, sine there does not appear any large longrange suppression e�ets, it would seem very plausible that YBCO ould be used in futureomplex low temperature CMR magneti devies. There are also still a rather wide rangeof untested ferromagnets and insulators whih ould be used to ondut this experiment.It ould be that a omplex interation between YBCO, STO, and LSMO interfaes whihis not yet understood, may be hampering the injetion of the spin urrent.I any ase I believe a better theoretial and experimental understanding of YBCO/Iand YBCO/F surfae struture is required. Simple S-I-F models usually do not take intoaount omplex surfae interations whih an make them diÆult to realize experimen-tally. Perhaps a better models would involve S/Æ/I/Æ/F type strutures. Of ourse, futuremagneti materials or growth tehniques may provide better devies. Also, theoretial workmay shed new light on fundamental YBCO superonduting mehanism. Mot importantlyit should be noted that the hope for a tehnologially appliable three terminal super-onduting devie does not end with YBCO. Reently disovered superondutor MgB2has a TC(0) of around 40K making it a feasible andidate for suh devies. To date, no spininjetion e�ets 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 aelerator urrent is plotted as funtion of the beam urrentfor the ion mill. The beam voltage (VB) is 270V, aelerator voltage (VA) 27volts, the total voltage (VT = VB + VA) 297 volts, and the disharge voltage(VD) 35V. The aelerator urrent deviates from a linear relationship with thebeam urrent at the maximum beam urrent. Readings above this urrent arenot preise due to eletron bak streaming. Maximum beam urrents were givenin the ion mill manual (as a funtion of total voltage) and were found to besimilar to those measured in our lab. A good explanation of broad beam ionsoures is given in [Kaufman 1989℄
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Figure A.2: Beam urrent shown as a funtion of time after initial startup.Two di�erent sets of data are shown. Disharge urrent and beam urrent areshown for eah set.The ion mill also requires some time to ahieve a stable equilibrium after it'sinitial start up. I believe this has to do with the temperature of the mill reahingan equilibrium value. A graph of beam urrent vs. time shows approximately 8minutes of operating time is neessary to ahieve a stable beam. This only needsto be onsidered when a high level of auray is required. In most ases, a 1minute warm up time is suÆient to stabilize all other parameters, and beamurrent deviation is usually less than 20% in the time that follows.The beam urrent and the disharge urrent are shown as a funtion of time.The ion mill settings for this data are, beam voltage (VB) 300 volts, aeleratorvoltage (VA) 30 volts, disharge voltage (VD) 35 volts, and beam urrent (IB)3.5 mA. The neutralization urrent (IN ) is set automatially by the power soure(TBN mode). Notie although the beam urrent is set to 3.5mA the power souresometimes �nds a stable equilibrium slightly above or below the desired setting.Often the desired setting an be reahed by turning o� the mill, for a few seondsand then turning it bak on again. Also, a orrespondene between dishargeurrent 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 5403Eletromagnet

182



183

-40 -20 0 20 40
-6000

-4000

-2000

0

2000

4000

6000

 

 Field vs Current for Model 5403 Electromagnet with 2" gap.

M
ag

ne
tic

 F
ie

ld
 (G

au
ss

)

Total Applied Magnet Current (amps)

 Data
 Linear Fit

Slope (< |30 amps|) = 141.5 Gauss/amp
Max. Field |(40 amps)| = 5383 Gauss

Figure B.1: This magneti �eld measurement was made with a gaussmeter.The hall probe was inserted diretly into the ryostat. This data then gives the�eld present with the ryostat in plae. There was a 2 inh gap between thepoles of the magnet. The magnet poles were 76mm in diameter with irularfaes.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 alulate 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 ahievable �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 ahieved by the two power suppliesworking in series. Only one power supply is programmable from the omputervia the GPIB line. The other supply ats 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 setion 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 smSet Laser Energy 700 mJAperture area � 15 x 8mm (sml)Energy inside hamber 150 mJ(after aperture and window)Foused Beam area 0.11m2Energy density 1.35 J/m2Laser pulse frequeny 4 HzHeater/Target distane 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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Deposition parameters for La0:67Sr0:33MnO3Temperature 805oCPressure 200 mTorrOxygen ow 100 smSet Laser Energy 900 mJAperture area � 18 x 8.5 mm (sml)Energy inside hamber 230 mJ(after aperture and window)Foused Beam area 0.14 m2Energy density 1.6 J/m2Laser pulse frequeny 4 HzHeater - Target distane 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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Deposition parameters for LaNiO3Temperature 805oCPressure 100 mTorrOxygen ow 100 smSet Laser Energy 900 mJAperture area � 15 x 8 mm (sml)Energy inside hamber 180 mJ(after aperture and window)Foused Beam area 0.11 m2Energy density 1.6 J/m2Laser pulse frequeny 4 HzHeater - Target distane 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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Deposition parameters for SrTiO3 (single rystal target)Temperature 700oCPressure 150 mTorrOxygen ow 100 smSet Laser Energy 700 mJAperture area � 15 x 8 mm (sml)Energy inside hamber 150 mJ(after aperture and window)Foused Beam area 0.11 m2Energy density 1.35 J/m2Laser pulse frequeny 1 HzHeater - Target distane 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 (singlerystal target) are shown.



Appendix GNotes on the Eximer LaserG.0.6 General NotesAlways wear appropriate eye protetion when operating the laser. Goggles should be speif-ially designed to blok the 348nm light emitted from the laser. CO2 laser goggles an beused, are readily available from ommerial suppliers.� The ooling water valves should never be opened all the way. This provides to muhpressure and the tubes inside the laser may leak. Turn the valve to about 1/3 to 1/2 ofthe full position. This provides suÆient 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 loated in the basement of the building, and the hiller is loatedon the roof. The water �lter, in the lab, should be hanged at least every two months. The�lters an be purhased from the ompany listed on the �lter apparatus.There is a fan on the roof of the building that is attahed to the exhaust of the laserand the gas ylinder abinet. There is an interlok in the laser onneted to the fan. Ifthe fan stops running, so does the laser. A quik way to hek whether the fan is runningor not is to plae a piee of paper over one of the air inlets on the front of the laser. Thesution should be enough to hold it in plae. The fan is always running whether the laseris running or not. There is also a iruit breaker for the fan loated in the main breaker192



193box in the lab.The omputer ontrol software an get onfused. Sometimes this auses the laser tostop funtioning. 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 ifneessary. 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 loated 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 automatially try to re�ll the laser gas. This is bad. This may allow ontaminationto enter the laser tube sine the laser gas tank is losed when not in use. The laser isalways set to NGR mode, in whih no attempt is ever made the software to re�ll the gaswithout user intervention. But, every one 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 automatially �ll new gas whenonstant voltage mode is used, regardless of the re�ll mode setting. In any ase, it is a goodidea to hek the re�ll mode on oasion.The ables from the omputer to the laser are �ber opti ables. The trigger signal fromthe omputer is atually 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 omputerard when the �ber opti able is removed. Also, the �ber opti able an be removed fromthe port marked "Trigger In" on the bak of the laser, and the laser an be triggered byashing 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 funtioning orretly. The laser an be triggered with anexternal TTL soure by onneting it to the oaxial "Ext. Trig." port on the omputer,



194and seleting "EXT" as the triggering mode. "Burst mode", loated under options, an beused in onjuntion with external triggering to yield pokets of a spei�ed number of pulseswith time breaks in between.If the laser stops running, there are fuses on the bak of the laser whih an also beheked. Make sure the power to the laser is o� before heking. Also, there is a iruitbreaker for the laser in the main lab breaker box.There is a beam splitter in the bak of the laser whih direts light into the laser'senergy meter. The bak panel must be removed to get at it. Always turn o� the laser whenworking inside. There are very high voltages at work, whih an still be present long afterthe laser is shut down! The beam splitter an be removed with a hex wrenh. If the laser'senergy reading seems to be falling sharply from alibration to alibration, the splitter mayneed to be leaned. Use aetone, isopropanol, and lens paper to lean it. Be areful, thereis urrently no replaement beam splitter in the lab.The laser's thyratron was replaed in the summer of 2002. The thyratron is just ahigh energy swith apable of handling up to tens of kilovolts. If the laser over triggers(sometimes triggers faster than the programmed frequeny) or under triggers (misses pulses)the thyratron heater voltage may need adjustment. The ontrols are loated on the frontright side of the laser. The front right side panel must be removed to get at it. Contat theLambda Physiks tehniians 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, whih an stillbe present long after the laser is shut down! The thyratron is loated on the right side ofthe laser. There is an interlok 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 attahed ground strap an be seen. This is to ground the highenergy eletronis of the laser before working. The tip of the rod is to be plaed 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 onneted to the bu�er gas inlet on the laser. The Laser gashas uorine in it whih is orrosive. Keep this in mind when hanging tanks or working onthe gas ow system.G.0.7 New Gas Fill ProedureThis proedure 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 tehnique provides muh 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 Gasow menu.� Turn on Pump.� Wait 20 seonds.� Open Vauum valve.� Open BU�er valve 3 times. (It loses automatially.)



196� Close Vauum valve.� Turn o� Pump.� Quit Gasow menu.7! Open mixed gas ylinder valve.7! Make note of mixed gas pressure. (Before:)�Selet New Fill.7! Wait for gas to evauate 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 Gasow menu.� Turn on Pump.� Wait 20 seonds.� Open Vauum valve.� Open BU�er valve.� Wait for valve to automatially 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 automatially 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 automatially lose.7! Open valve from helium (Inert) line to mix (Bu�er) line. (Leave open!)



197� Close Vauum valve.� Turn o� Pump.� Open Inert valve.� Wait for Inert valve to automatially lose.7! �Turn on the ooling water and wait 20 minutes.7! Calibrate laser energy reading using a value of 1100mJ with external Moletron 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 piees 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 onstruted design is a little heavy, but works very well.Note a speial 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 setsrew ollar. This allows positioning and hanging of targets to take plae external to thehamber.A peripheral instrument was proposed, in whih 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, Jakson 1995,Campion 1996℄.Presented here are the drawings of ustom made parts, a list of purhased parts, andan overall shemati 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. Srew lamp for thik 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.Desription Part # Qty Shemati LetterFlanged Radial Ball Bearings B2-11 12 AFlanged Radial Ball Bearings B2-8 2 BPreision Spur Gear P48S26-60 4 CPreision Spur Gear P48S26-30 1 DSet Srew Collar Clamp CS-7 8 ESet Srew Collar Clamp CS-9 6 FSolid Shim Spaer SS2-31 10 GSleeve Coupling CT-3 4 HSleeve Coupling CT-19 2 IAll items made of 316 Stainless Steel exept*Ball Bearings whih were made of 304 Stainless steel.Table H.1: Table of parts purhased for target rotator system. All srews,washers, and raw materials were 316 stainless steel and were purhased fromMMaster-Carr.



Appendix ISubstrate HeaterA full desription of the substrate heater is presented in setion 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 shemati (side view)



Appendix JPhotolithographi ProessingFor most appliations Shipley Miroposit S1811 photoresist was used. 1827 was availablefrom the EMPRL faility. To make 1811 the 1827 had to be mixed with Shipley type-N thinner in a 1827 to thinner ratio of 5:2 respetively. All photoresist and thinner waspurhased from Miroposit.Samples were �rst blown o� with a nitrogen gun to remove any partiles from the surfae.1811 was then applied an spun at 4000 rpm for 40 seonds to obtain a 1.1�m thik 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 thik photoresist region at the edge of thesample roughly 0.5 mm in width in whih no pattern an be made. Another tehnique 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 seonds and afterwards plaed on a roomtemperature ooling blok for 1 minute.The sample was then aligned to the desired mask pattern. Care should be taken whenbringing the sample in ontat with the mask. Small samples have a tendeny to stik ifpressed too hard. Also, sine the area of the sample is small, a large amount of fore anbe applied to a point on the mask whih an end up raking or shattering the mask.The sample was then exposed for 0.55 minutes using hannel 1 of the UV soure power210



211supply in the EMPRL. For samples in whih a majority of the top surfae 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 respetively. Samples were developedfor 45 seonds. (For water sensitive samples (MgB2) 10 seonds with agitation would suÆe.)Samples were then plaed 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 neessary.



Appendix KLabview ProgramsSeveral data aquisition programs were written in the Labview graphial language. Thefollow is an explanation of some of the speial funtions of several of these programs. Manydi�erent programs exist whih reord the same measurement, but through the use of di�er-ent equipment. The most ommon set of equipment interfaed in this study was the Keithley2400 souremeter (2400), the Keitley 2182 nanovoltmeter (2182), the Lakeshore 340 tem-perature ontroller (340), the Lakeshore 330 temperature ontroller (330), the EG&G 7260DSP lok-in ampli�er (lok-in), and the Kepo BOP 20-20M-4882 power supply (kepo).The programs desribed here used this equipment unless otherwise noted.K.0.8 Resistane vs. Temperature ProgramThe resistane vs. temperature (R vs T) program desribed here is in referene to theprogram Resis vs Temp wertz 01.vi loated 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 souremeter 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 appliation of the urrent, and the time between suessive measure-ments is ontrolled. For a detailed analysis of the measurement timing and tehnique see212



213setion 2.10 and �gure 2.12.Here is a list of buttons and their funtions in the RvsT program.Sample Name - Creates a default sample name for dialog after save data is seleted2400 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 alulate the resistane, R =(V+ � V0)=(+I). For Pos/Neg, V+ = V (+I) and V� = V (�I) measurements are usedto alulate the resistane, R = (V+ � V�)=(+I � (�I)).Time between urrent ip (mse) - Time between eah measurement in milliseonds.If the value is set too low there an be errors reated. It just takes time for theequipment to reeive and proess ommands.Lakeshore 340 / 330 - Selets 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 automatially 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 automatially pik the appropriate voltage range.2400 Comp Volt (volt) - Sets the 2400 ompliane voltage in Volts.2400 Dwell Time (mse) - Sets the 2400 Dwell time in milliseonds.�2182 Delay time (mse) - Sets the 2182 delay time in milliseonds.�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 indiators and do not ontrol the data output. Graph viewingontrols are loated in the graph palette.K.0.9 Resistane vs. Magneti Field ProgramSeveral of the ontrols in the Resistane vs. Magneti Field program (R vs. H), Re-sis vs Mag wertz 01.vi loated in the VI library Resis vs Mag wertz 01.llb., are the sameas those given in the R vs. T program setion (K.0.8) above. Only those ontrols whihdi�er from the R vs. T program will be disussed here.This program uses the 2400, 2182, Lakeshore 340, and the Kepo power supply, inonjuntion with the GMW magnet / Janus ryostat system. For details on the magnet seeappendix B.For a detailed analysis of the measurement timing and tehnique see setion 2.10 and�gure 2.12.Here is a list of buttons and their funtions in the R vs. H program.File Path - Path to the �le in whih the sample will be saved. The program still promptsfor a saving loation. 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 whih the �eld sweep either stops or hangesdiretions. �Note: the starting �eld and the �eld limit determine the initial sweepdiretion 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 whenhanged.# of Turns� - Spei�es the number of times the magneti �eld sweep hanges diretions.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 spei�ed. This ontrolramps the �eld from it's �nal value to the spei�ed value when the program �nishes. Ifthe magneti �eld urrent is held at a large value for too long the magnet will beomevery hot and ould be damaged.Mag Settle Time (ms) - Amount of time between the time the magneti �eld urrent ishanged and any measurement is performed.Temperature (K) - The program keeps trak 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 hangesdiretions the �eld step used between Field1 (gauss) and Zero Field is Field Step1(gauss) multiplied by this value. This is useful for hysteresis sans where the inter-esting part of the urve ours 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 tempontrol 340lk.viloated in the vi libraryjanus ryo tempontrol 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 Janusryostat.The Janus ryostat has two heaters and two thermometers. The nek heater and ther-mometer are onneted to the 10 pin military style onnetor on the panel. The nekthermometer onnetions are A,B,C,D and the heater onnetions are G,H. The nek ther-mometer should be onneted to input B and the nek heater onneted 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 nek thermometer reading is used to ontrol the nek heater.The sample heater and thermometer are onneted throughout the 19 pin military styleonnetor on the panel. The sample thermometer onnetions are B,C,R,P and the heateronnetions are G,K. The sample thermometer should be onneted to input A. The sampleheater should be onneted to the Lakeshore Analog Output 2 with a speial able that hasa 75 
 resistor wired in series with it. This ensures the total resistane 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 funtions 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 suÆient 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 nek 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 nek temperature ontrol (B) are similar to those for the samplestage (A) shown above. Usually the nek heater should be set to 1K below the sample stagetemperature. This allows the stage heater to at as a �ne ontrol.The temperature ontrol program for the dip probe, Probe Tempontrol 340lk.vi, lo-ated in the library Probe Tempontrol 340lk.llb, is similar to the program for the Janusryostat. The ontrols are the same as those in the Janus ryostat ontrol program. There isalso a initialization program, Lakeshore 340 probe initialize.vi, loated in the library. Theprobe only has one heater and thermometer. The probe thermometer should be onnetedto input A and the probe heater to the heater output on the Lakeshore 340. No speialables 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 thereated voltage. The urrent is swept from a starting value until a voltage limit is reahed.The program then starts again at the starting urrent and sans in the opposite diretionuntil the voltage limit is reahed again. The program then stops and saves the reorded



219data. For a detailed analysis of the measurement timing and tehnique see setion 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 setion (K.0.8) above. Only those ontrols whih di�er from the R vs. T programwill be disussed here. Here is a list of some of the important ontrols and their funtionsin the IV program V vs I 01 wertz.vi. Note, the values enlosed 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 reahes this value. It then starts again at theStarting Current or some % of the urrent at ip and steps urrent in the oppositediretion. When the absolute value of the measured voltage again reahes this valuethe program stops and saves the reorded data.Emergeny Volt. - If the absolute value of the measured voltage exeeds 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 san starts at.Current Inrement - This is the step size of the urrent in the IV san if Auto Measurebutton is set to o�. This value an be hanged at any time and an also be set tonegative values.� Injetion Current - A seond 2400 souremeter 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 injetion urrent does not hange during themeasurement. This is useful for spin injetion experiments.



220% of ip urr. to sub. from strt urr - The urrent applied when the measured volt-age �rst reahes the Flip Voltage setting is multiplied by this number and added tothe Starting Current to reate the urrent at whih the program starts the seondhalf of the IV san. This an save time with symmetri IV urves. Espeially ritialurrent measurements.Set Values - This button must be pressed to hange any of the values in the box in whihit is loated. The values do not hange in the instruments unless this button is pressed.Auto Measure - This button enables the auto measure funtion. Auto Measure hangesthe urrent inrement based on the measured voltage.Curr Step1 (< Volt 1) - When Auto Measure funtion is on, this is the urrent inre-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 inrement 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 � Injetion Current (A).There is a ritial urrent vs. injetion urrent program, Crit vs Inj 01 wertz.vi, inthe library Crit vs Inj 01 wertz.llb that an be used in onjuntion with the IV program,



221V vs I 01 wertz.vi. This program takes a series of IV measurements eah with a di�erentinjetion 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.Injetion Curr Inrement (A) - size of the injeted 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-symmetriurrent o�set in a measured VI and predit the next starting measurement urrent tobe used in onjuntion with the next injetion urrent. However, the �rst VI urvemeasured usually has no o�set beause the injeted urrent is zero and the 2nd stepannot be predited. Therefore, the starting urrent for the 2nd step is set to theinjetion 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 nextinjetion urrent value after the value entered in Injetion Current (A). If the programis used to predit the starting measurement urrent, all values in the Override boxmust be ompleted. The values with the (Prev) label are those reorded previous tothose without the label. Pos Curr and Neg Curr are the urrents at whih the ipvoltage was attained.There are two VI programs similar to those previously desribed, exept they arrya label of 2, (Crit vs Inj 02 wertz.vi and V vs I 02 wertz.vi). These programs are nearlyidential to those desribed before exept a 2nd voltmeter is used to measure a seond



222voltage. This voltage has no ontrol over the program (Flip voltage, Emergeny 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, loated in the library dI dV wertz 01.llb, uses the7260 Lok-in Ampli�er to supply an osillating urrent dI and measures the voltage dV.The 2400 souremeter provides a onstant urrent (I) sweep under the osillating dI. Theurrent (I) sweeps from the starting urrent to the maximum urrent, then starts over atthe starting urrent and sweeps in the opposite diretion until the maximum urrent level isreahed again. The program then �nishes and saves the reorded 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 proeeds to the next urrentlevel in the sweep without reversing or going to zero. Making large hanges in urrent,auses large noise jumps in the lok-in signal that an take a long time to settle. There isno noise anelation in the 2182 voltage (V) measurement.The dI/dV program ontrols are very similar the IV program ontrols given in theprevious setion 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 Lok-In puts out an osillating voltage signal. I usually put a resistorin series with my sample that was muh larger than the resistane of the sample itself.Then dI is determined as the osillating voltage divided by the Resistor value. Theresistane of this in series resistor was entered here so that dI ould be alulated inthe program.The lok-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 ompliane 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 WattsDistane from gun to sample 4 in.Deposition rate 50 �A/min.Au (Front gun or Gun #1)Argon pressure 5 mTorrDC power 50 WattsDistane 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 setion 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 WattsDistane from gun to sample 15 m.Deposition rateSample stage parallel to gun surfae 163�A/min.Sample stage at 45o to gun surfae 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 setion 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 � 117Aurate for total distanes < 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 � 7.7Aurate for total distanes < 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 forleaning the surfae of a material (see setion 2.8.2). Sometimes VB = 500Vsettings (not shown) were used for obstinate �lms.



Appendix NSherlok Holmes"Quite so," he answered, lighting a igarette, and throwing himself down into an armhair."You see, but you do not observe. The distintion is lear. For example, you have frequentlyseen the steps whih 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, beause I have both seen and observed."- Sherlok Holmes speaking with Dr. John H. Watson in A Sandal in Bohemia, writtenby Sir Arthur Conan Doyle in 1891.
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