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Chapter IExperimental Proedures
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Figure 1: Shemati of Cu/Ni/Cu �lms grown by moleular beam epitaxy (MBE)along this thesis. Si(001) wafers and single rystals of Cu(001) substrates wereused. A bu�er layer of 1000 Å of Cu is always grown on the Si(001) substrate.(a) [Cu(50Å)/Ni(tNi)℄ (20Å ≤ tNi ≤ 250Å) �lms. (b) [Ni(tNi)/Cu(30Å)℄xN (tNi = 30 and 40 Å ) multilayers with N = 1, 2, 3, 4, and 5 . ()[Cu(50Å)/Ni(tNi)/Cu(tCu)/Ni(tNi)℄ (tNi= 20, 30 and 40Å ) (5Å ≤ tCu ≤60Å) double Ni �lms. (d) [Cu(50Å)/Fe(tFe)/Cu(50Å)/Ni(100Å)℄ (tFe= 10, 20and 40 Å ) �lms. (e) [Cu(50Å)/Ni(40Å)℄ �lms on Cu(001) single rystal. (f)[Cu(50Å)/Ni(40Å)/Cu(30Å)/Ni(40Å)℄ double Ni �lms on Cu(001) single rys-tal.
Growth of Ni/Cu thin filmsSeries of Cu(50Å)/Ni(tNi)/Cu(1000Å)/Si(001)(20Å ≤ tNi ≤ 250Å), Cu(50Å)/Ni(tNi)/ Cu(tCu) /Ni(tNi)/Cu(1000Å)/Si(001) (20Å ≤ tNi ≤ 40Å) (5Å ≤ tCu

≤ 60Å), [Ni(tNi) /Cu(30Å)℄xN/Cu(1000Å)/Si(001) �lms, among others (seeFig. 1) were deposited by eletron-beam evaporation in an ultra-high vauumhamber. Film epitaxy was monitored by in situ re�etion high energy eletron
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Figure 2: Photograph of the MBE equipment.di�ration (RHEED). Film surfae roughness was examined by RHEED andan ex situ x-ray re�etivity (XRR). The strutural quality and the out-of-planestrain were measured using x-ray di�ration and high resolution transmissioneletron mirosopy (HRTEM). TEM experiments were also used to study thetype, spaing and orientation of disloations by using plan-view and ross-setional samples. The magneti anisotropy of these �lms was haraterizedusing a vibrating sample magnetometer(VSM).Moleular Beam Epitaxy Deposition SystemThe Cu/Ni/Cu/Si(001) �lms were all deposited using a moleular beam epi-taxy (MBE) M600 DCA system. The advent of MBE has made it possibleto deposit high quality epitaxial �lms (i.e., high purity and rystallinity) ina ontrolled environment. The key fator of its suess lies in the ultra-highvauum (UHV) ondition with base pressures less than 10−9 Torr. The goodvauum makes it possible for �lms to be grown at a slow rate, whih is essentialfor obtaining good epitaxy (inoming atoms have su�ient time to migrate onthe slow growing surfae). Consequently, the surfae of the grown �lm an beatomially smooth in many systems. Another advantage of MBE tehnique ismany surfae diagnosti tools (e.g., RHEED and Auger eletron spetrosopy)that an be used in situ to study and haraterize the growth. Thus, MBEis the method of hoie for fabriating �lms whose strutures must be tightlyontrolled. Therefore, the use of MBE for growing nikel epitaxial on Cu(001)
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Figure 3: Diagram of a eletron beam evaporation system where there is no diretline of sight from the �lament to the material for evaporating. Courtesy of Wikipedia.is important beause it grows in an UHV environment where we an ontrolwith high preision the ontamination level, rates of deposition and rystallinequality of the �lms during evaporation. Good epitaxy is essential for the ob-servation of perpendiular magnetization in the nikel layer.The vauum in the main hamber is ahieved by using a series of pumps,eah of whih has its own operative pressure range. The hamber is equippedwith a load-lok provided with a Varian sroll pump and a Pfei�er Vauumturbo pump (60 l/s) that allows quikly reah pressure about 10−8 Torr. Anion pump (500 l/s) is then turned on to help bringing the pressure to about
10−9 after a few days of pumping. With a good bake (that is, the hamber isheated to about 150◦C for a few days), the pressure of less than 5×10−10 Torran be obtained.Figure 2 shows a piture of the MBE system. The main hamber isequipped with a multi- poket linear eletron gun for four di�erent materi-als (up to 6kW), two high temperature e�usion ells, a RHEED set-up (15keV), fast ation linear shutters, a quartz rystal monitor thikness, sampleheater up to 1000◦C. During the Cu, Ni and Fe evaporations, the evaporationguns, the rystal monitor and the sample manipulator are water-ooled. Thepressure does not rise above 10−8 Torr during the deposition of the �lms.Figure 3 illustrates the evaporation proess. Eletron-beam evaporationmakes use of a water-ooled ruible ontaining the desired metal, heated byan inoming beam of eletrons from a tungsten �lament. Typially the �lamentis loated adjaent to the ruible, with the eletron beam bent by magneti�elds to impinge upon the ruible ontents, thus preventing evaporation ofmetal onto the �lament itself.
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Figure 4: RHEED patterns obtained for the silion with the eletron beam alongthe (a) [100℄ and (b) [110℄ diretions, and for the opper bu�er layer along the [110℄diretion before () and after (d) the annealing proess.Substrate Preparation and Film GrowthPrior to the loading in the hamber, the Si(001) p-type substrate, whih have2 inhes of diameter, are �rst dipped in a 10% hydro�uori solution for twelveseonds and then rinsed with deionized water for above 20 seonds. Thisproess removes the native silion oxide and leaves the surfae hydrogen pas-sivated, whih is inert for several minutes in air and several days in UHV atroom temperature[1, 2℄. The silion wafers are then immediately transferredinto the load-lok hamber to be pumped down.After several hours in the load-lok, the substrate is transferred into themain hamber and heated at 150◦C for 1 hour to eliminate the vapour of waterthat stay still on. One the RHEED pattern shows sharp streaky di�rationlines and Kikuhi lines, whih indiate a lean Si surfae (see Fig. 4 (a) and(b) ). Following these observations a Cu layer was evaporated at a rate of0.5 /se on the Si substrate at room temperature. The epitaxial relationshipsbetween the Si(001) and Cu were determined by in-situ RHEED observationsand ex-situ with θ - 2 θ x-ray di�ration measurements. Comparing the lattieonstants of Cu, 3.616 Å , and Si, 5.431 Å , a mismath as large as 40% existsbetween the two. However, upon the rotation of 45◦ of the Cu (200) lattie,a muh improved math is possible. This means a multipliation of the Culattie by a fator of √2, making it 5,113Å . Thus, the epitaxy of Cu (100)on the (100) Si, have been established with a 45◦ rotation.[3�6℄. Then, the Cu[100℄ axis is parallel to the Si [110℄ axis.The deposition rate and the �nal thikness of the �lms were monitored bya quartz rystal mirobalane whih was alibrated using x-ray re�etivity.The opper bu�er layers for all the samples were annealed in situ to about120◦C for 40 minutes and then ooled down to 20◦C prior to the deposition
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Figure 5: HRTEM image of the Si and Cu interfae.
of the nikel layer. The annealing proess improved the �atness of the bu�erlayer surfae. Figure 4() shows the RHEED pattern of a 1000Å opper �lmon Si(001) before the anneal. The spottedness of the pattern indiates that thesurfae of the opper �lm was atomially rough. Figure 4(d) shows the RHEEDpattern of the same �lm after the anneal. The streaky RHEED pattern suggeststhat the surfae was atomially �at.Additional HRTEM experiments have shown the formation of a ≈ 5 Å op-per siliide layer at the Cu-Si interfae (see Fig. 5). Previous studies haveshown the opper-siliide forms slowly at room temperature after the epitaxialrelationship between the Cu layers and Si substrate has been established sinethe Cu layer lying above the siliide remains a single rystal. [7, 8℄.The opper and nikel layers were grown at room temperature and thesubstrates were rotating during deposition in order to get a good thiknessuniformity. Following eah deposition, the Ni/Cu/Si thin �lms were harater-ized by RHEED. RHEED reveals the growing in the (001) orientation of the Cuand Ni layers with the following in-plane epitaxial relationships between silion,opper and nikel layers: Si[110℄ ‖ Cu[100℄ ‖ Ni[100℄. The growth of Ni(001) onCu(001) is more diret: the nikel lattie is totally or partially ommensuratewith the Cu. Sine the lattie mismath between them is about 2.6%, epitaxialgrowth of Ni is favourable and has been frequently observed[7, 22℄.The ritial thikness tc (the thikness below whih the nikel is totallyommensurate with the Cu bu�er layer) an be found by setting the equilibriumstrain ǫe‖= 2.6% (whih is the mis�t strain of Ni on Cu), and it is omputed tobe about 16Å. This value agrees with the experimental result on Ni/Cu(001)system reported by Matthews and Crawford [1970℄ and Ingle�eld et. al. [1993℄
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Figure 6: Pitures of the equipments used for patterning rings on Cu/Ni/Cu/Si(001)�lms. (a) Spin oater and hot plate. (b) Helios 600 dual beam equipment. ()Eletron gun evaporator from Eduards. (d) Ion milling equipment by Siste.using TEM tehnique.
Eletron Beam Lithography (EBL)A serie of Cu(5 nm)/Ni (tNi)/Cu (100nm)/Si(001) (tNi= 10 - 16 nm) thin�lms were patterned by a subtrative proess using eletron beam lithography,eletron beam evaporation, lift-o� tehniques and ion-milling. The lithographyproess was performed with a dual beam Helios 600 system equipped withRaith lithography hardware. The fabriation was arried out in the INA andLMA laboratories where the equipments are installed in a lass 10.000 leanroom, an image of the instruments used is shown in Fig. 6.Rings in arrays with di�erent external diameter and width were fabriated.The distribution of the elements in the matries and number of strutures permatrix were heked in di�erent on�gurations in order to �nd the optimumpreparation proedure improving the quality of the elements and to make theMFM experiments easier. Thus, before eah experiment the starting point wasto reate the models to be designed by using the ELPHY program of Raith.The separate steps involved in the fabriation are detailed as follow:
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PMMA Resists

Si(100)

Cu/Ni/CuFigure 7: Shemati of Cu/Ni/Cu patterning layers, pre-lithography proess.
e- Sensibilized resist

Figure 8: Shemati of exposure step by using a Dual Beam equipment providedwith Raith lithography hardware.� Spin oating: The Cu/Ni/Cu//Si thin �lms were overed with a dou-ble layer of e-beam resist. The spin oating of a �lm of 50 Kg/molpolymethylmetharylate (PMMA) resin (Allresist AR-P 639.04) at 2000r.p.m. for 20 seonds to form a ≈ 120 nm thik layer. The sample wasthen soft baked for 10 minutes at 120◦C on hot plate. A seond oated�lm of 950 Kg/mol PMMA (AR-P 679.04) at 4000 r.p.m. for 20 seondsto form a ≈ 270 nm thik layer. One more, the sample was soft baked for10 minutes at 120oC on hot plate to remove exess solvents and prepareit for exposure.� Eletron beam writing: The designs are diretly de�ned by the san-ning eletron beam, then the resist is hemially modi�ed due to theenergy deposited from the eletron beam. As the resist used is positive,the rings areas are sensibilized. The delivered dose area was 99 µC/m2at 10 kV aelerating voltage and beam urrent of ≈ 80 pA (see skethin Fig. 8).� Develop: The energy deposited during the exposure reates a latentimage that is materialized during hemial development. For positiveresists, the development eliminates the patterned area. The exposedsample was developed with AR 600-56 developer for 30 s with a softagitation followed for stopping in isopropil alohol for 30 seonds. Apiture at this point proess is shown in Fig. 9.� Hard mask evaporation: After de development, a double metal layerwas grown to protet the nanostrutures of the ion-milling proess. Bothlayers were grown by eletron beam evaporation in a high vauum ham-ber at a base pressure of 2 × 10−7 mbar. A hromium �lm of 5 nm is
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10 µm500 nmFigure 9: Shemati of the result of the development step (left) and orrespondingSEM images of an example of a post-development sample (right).

Cr
Al

Figure 10: Shemati of the metal hard mask evaporation onto the patterned rings.deposited for improving the adhesion followed by 14 nm of Aluminium,the rate of deposition of the two layers was 1.3 Ao/s (see Fig. 10).� Lift-o�: This proedure was arried out by submerging the sample inN-Methyl-2-pyrrolidone (NMP) solution at 75 oC for more than 2 hoursand a quik ultrasoni bath. When the sample is immersed in NMP, theareas with resist behind the Cr/Al are removed.� Ion-milling: The sample is introdued in an ion ething equipmentwhere Argon ions impinge on the sample to remove the Ni unprotetedareas with the Cr/Al hard mask. An eletron neutralizer gun is usedbefore arriving the ions at the sample, making this proess softer to thesurfae. The Ar pressure was 4.7×10−4 mbar and the milling rate was10 nm/min for 2 minutes.Figure 13 shows examples of di�erent patterned strutures fabriated alongthis thesis. (a) AFM image of a row of a matrix with 3 µm external diameterand widths ranging from 130 to 540 nm. The topographi and magneti imagesof a matrix of rings with 3 µm external diameter and width = 900 nm areshown in Figs. 13 (b) and (), respetively. In Fig. 13 (d), a tridimentionalAFM image of one of the rings plotted in pane (b) is shown. Finally, magnetiontrast is observed only on the surfae of the ring indiating that the Ni layerout-side was removed with the ion-milling proess.
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10 µmFigure 11: Shemati (left) and SEM image (right) of the Cu/Ni/Cu patterned ringsovered with a Cu/Al double �lm.

Ar+

10 µmFigure 12: Shemati (left) and SEM image (right) of the Cu/Ni/Cu patterned ringswith a well de�ned pro�le due to the lak of the magneti layer in the surroundingarea.
3 µm

3 µm

(a)

(b) (c)

(d) (e)Figure 13: Examples of the patterned strutures and MFM haraterization. (a)Rings of 3µm external diameter and di�erent widths. (b) and (), Matrix of rings of3µm external diameter and MFM images, respetively. (d) and (e), AFM and MFMimage of a ring of the matrix shown in (b).
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II. Perpendiular Anisotropy in Ni Multilayers 17
IntrodutionThe aim of this hapter is the study of the mehanism, either strutural ormagnetis, involved in the physis of magneti quantities measured in multi-layers that are modi�ed with respet to the values found in single thin �lms.The oerive �eld Hc, the domain size D and magneti anisotropy is studied inepitaxial [Ni/Cu℄xN strutures with tNi= 3 nm and 4 nm, two values for whihthe Cu/Ni/Cu struture show a remarkable perpendiular magnetization withlarge remanene and negative nuleation �eld.It is well known that magneti thin �lms present fundamental propertiesthat hange with respet to the bulk values beause of the ompetition ofmagneti and strutural orrelation length as well as the redution of the spaedimensions from 3 to 2. In strutures with perpendiular magnetization, usedin spintroni devies, many funtional bloks may inlude several repetitions ofa bilayer struture [1, 2℄, resulting in a lass of syntheti magneti materials. Inthis hapter, it is shown that important properties from a tehnologial pointof view, as Hc and D, an be ontrolled in funtional bloks with perpendiularmagneti anisotropy.The proedure used to grow the Cu/Ni/Cu systems has been desribed inthe previous hapter. The RHEED images show patterns that orrespond toepitaxial Ni an Cu layers growing on the (001) plane. Therefore the nextseries has been grown:� A) Ni �lms with tNi ranging between 2 nm and 20 nm.� B) Ni/Cu/Ni bilayers with tNi= 3 nm and the tCu ranging between 0and 6 nm.� C) [Ni/Cu℄ x N layers with tNi= 3 nm and tCu = 3 nm and N up to 4� D) [Ni/Cu℄ x N layers with tNi= 4 nm and tCu = 3 nm and N up to 4



18 X-ray haraterizationX-ray haraterizationEx situ haraterization has been done by means of x-ray di�ration using sev-eral Cu Kα laboratory soures loated at the LMA (Bruker D8) SAI Rigakuand synhrotron radiation X-ray radiation (photon energy hν =15 keV, λ =0.826Å) at the BM25B beamline of the European Radiation Synhrotron Lab-oratory.Grazing inidene di�ration experimentThe BM25 line has a six irle di�ratometer that allow the realization of mapsin the reiproal spae with high resolution of thin �lms with thiknesses lowerthan 12 nm, as an be observed in the reiproal spae map shown in Fig. 14taken around the (420) Cu re�etion for a 9 nm thik Ni �lm. Using laboratorysoures maps for �lms thiker than 12 nm an be obtained although the ratiosignal to noise is higher, see in Fig. 65b the map taken for 14 nm thik Ni �lmwith the D8 Bruker di�ratometer.
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Figure 14: (Left) Reiproal lattie map made on a Cu/Ni/Cu �lm with tNi = 9 nm.(right) Sketh of the loation of the reiproal lattie peaks of a thin �lm with respetto the substrate.The in-plane lattie parameter has been measure by means of grazing in-
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Figure 15: Strain in the Ni/Cu/Ni struture as a funtion of tCu, the inset showsgrazing inidene di�ration from the (400) Bragg planes of the opper and nikellayer in the tCu = 2 nm struture at two inident angles 0.2 o and 0.5 o, units of thesattering vetor are related to the primitive ell of the bulk opper.idene di�ration (GID) at the BM25B beamline of ESRF for the series B.Using this tehnique the inident and di�rated beams form an angle with thesurfae less than 1o therefore the radiation only sans the outer layers of thestruture and the measured peaks orrespond to planes perpendiular to the�lm surfae (in a similar fashion to the RHEED tehnique). The insert in Fig.15 show the variation of the signal around the 400 re�etion as a funtion ofinident angel. The in-plane strain, estimated with the in-plane lattie param-eter, has been obtained from for the series B as a funtion of tCu as is shownin Fig. 15.Symmetri di�ration experimentsSymmetri di�ration experiment has been arried out to obtain informationabout the out-of-plane lattie parameter and the bilayer period in Cu/Ni stru-tures.The X-ray di�ration experiments were performed using Rigaku Dmax 2500di�ratometer. The system onsists of a rotating anode generator operating at40 kV and 100 mA. The di�ration spetra were measured in the symmetrire�exion geometry around the Cu(002) Bragg peak as it is shown in Figs. 16and 17 for series C and D, respetively. The intensities from the (002) plane
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Figure 16: X-ray di�ration sans as a funtion of the number of Ni bloks for [Ni(3nm)/Cu(3 nm)℄xN strutures. The superlattie peaks are marked with s.show a large peak that orrespond with the Cu bu�er layer (2θCu= 50.44)and gives the bulk lattie parameter. Also Ni (for single thin �lms), andsuperlattie peaks are loated for 2θ larger that 2θCu. A omparison betweenthe N = 2 data for the samples with tNi = 3 nm and 4 nm show learly thatthe separation between the superlattie peaks inreases for as tNi dereases.We note that the the number of peaks observed inreases with N and that inboth series the loation of these peaks remain at relative �xed positions, andthe peak width tend to derease with N.The �tting proedure has been done using an interative peak �tter pro-gram of Matlab (Peak�t.m[3℄) using Person shape peaks. An example is shownin Fig. 18 for a struture with tNi = 4 nm and N = 2. The �t provide thevalue of the θ, height, width and area of the peaks.The period of the superlattie is the thikness of one double layer, i. e.,Ni/Cu, and is de�ned as:
Λ = nCupCu + nNipNi (1)where pCu and pNi are the perpendiular to the plane Cu and Ni lattieparameters, respetively, and nCu (nNi) is the number of planes of Cu (Ni)layer.
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Figure 17: X-ray di�ration sans as a funtion of the number of Ni bloks for [Ni(4nm)/Cu(3 nm)℄xN strutures. The superlattie peaks are marked with s.The lattie periodiity give rise to satellites aompanying the re�etionsof the average lattie parameter at positions in reiproal spae determined bythe length Λ of the repetition unit [4℄. The Λ value an be diretly measuredfrom the distane in the reiproal spae between the low-k satellite at −2π
Λ(k1) and its high-k satellite at +2π

Λ (k2) around the main Bragg peak, so that[4℄
Λ =

4π

k2 − k1
(2)with

k =
4π sin θ

λ
(3)Then, the total number of planes in one bilayer is given by

n =
Λ

p
= Λ×

kBragg(200)

2π
(4)where p is the averaged lattie parameter.By onsidering the Ni layers, the measured and alulated 2θ positions, kBragg values, period and number of planes of a bilayer for the two struturesstudied are presented in Table 1.
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Figure 18: Example of using an interative peak �tter program on a x-ray di�rationpattern for a sample with tNi= 40 Åand N=2. The onditions used for the adjustmentare presented too.



X-ray haraterization 23N 2θ(kBragg) 2θ(k1) 2θ(k2) kBragg k1 k2 ΛExp ΛCal n(deg) (deg) (deg) (Å−1) (Å−1) (Å−1) (Å) (Å)1 53.32 53.15 51.04 54.79 3.65 3.51 3.75 60 52.58 30.543 52.95 51.17 54.72 3.63 3.52 3.74 60 55.55 32.154 53.14 51.21 54.71 3.64 3.52 3.74 60 56.35 32.725 52.93 51.07 54.82 3.63 3.51 3.75 60 52.59 30.42Ni=40 Å1 52.862 52.85 51.3 54.2 3.63 3.53 3.71 70 67.94 39.253 52.83 51.85 54.23 3.62 3.53 3.71 70 68.43 39.524 52.71 51.36 54.21 3.62 3.53 3.71 70 69.15 39.85Table 1: Experimental 2θ positions of the Ni(200) Bragg peaks and parametersalulated by using Eqs. 2, 3, 4. N is the number of bilayers, n is the total numberof planes, Λ experiment or alulated.
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Figure 19: Bilayer thiknesses as a funtion of the number of Ni bloks for multilayerwith tNi = 30 and 40 Å. The nominal thikness values for both system are indiatewith the dash lines.



24 X-ray haraterizationThus, from the values presented in Table 1, it is observed that the period ofthe superlattie with [Ni(3 nm)/Cu(3 nm)℄ bloks is in average ≈ 9% smallerthat the nominal value. This di�erene is smaller for the [Ni(3 nm)/Cu(4 nm)℄struture, where Λ has an average value of the ≈ 2% lower than the nominalone. The data are plotted in Fig.19. Note that these deviation between theexperimental and the nominal values of Λ translated to monolayer units meansa variation in the average thiknesses of around 1 or 2 monolayers.Finally, in both series satellite peaks looks to be present at 2θ values smallerthat the 2θCu peaks. For example by omparing N = 1 and 3 spetra of Figs.16 and 17, the additional re�etions around 2θaround 48 degrees beomesmore de�ned for N = 3. Large order satellites appear if the variation of theomposition of the bilayer is sharp beause more higher orders in the Fourieroe�ients are neessary in reproduing ompositionally abrupt pro�les. Wenote the large bakground due to the Cu bu�er layer preludes a full �t of thesuperlattie experimental pro�le.Now the average perpendiular strain is obtained by using the approxima-tion that the value of the lattie parameters in the nikel and opper layers ishomogeneous and follow a step funtion. Therefore the sattering amplitudedue to the opper and nikel lattie do not interfere and, for strutures with alow number of repeats, the maximum due to a single layer of Ni is very loseto the maximum obtained after multiplying that funtion with the term dueto the superlattie period. Therefore the out-of-plane lattie parameter andthe average strain values, using the Ni bulk lattie parameter as referene, isalulated by using the 2θ positions of the peaks in the XRD patterns withthe following expressions:
a⊥ave =

2λ

sin θ
(5)and the Ni out-of-plane strain:

ǫ⊥ =
a⊥ave − aNibulk

aNibulk
, (6)The a⊥ave and ǫ⊥ values obtained for both strutures are listed in Table 2.In addition, in Fig. 20 the results for ǫ⊥ are plotted. In general, ǫ⊥ inreaseswith the number of bilayers indiating that the Ni lattie is getting relaxed.For the tNi= 3nm strutures there is a lineal dependene up to N = 3 and the

ǫ⊥ values hange from -2.5% to -1.9% while for the series with tNi= 4 nm thedeformation is stable up to N = 3 with values around -1.7% and then at N =4 it inreases to -1.5%. These results also reveal that the in-plane strain forstrutures with tNi= 3 nm is larger than for the strutures with tNi= 4 nm.
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N a⊥ave(Å) a⊥ave(Å) strain⊥ strain⊥Ni 3 nm Ni 4 nm Ni 3 nm Ni 4 nm1 3.43 3.46 -0.025 -0.0172 3.44 3.46 -0.022 -0.0173 3.45 3.46 -0.019 -0.0174 3.44 3.47 -0.022 -0.0155 3.45 -0.019Table 2: Average perpendiular lattie parameters and the alulated perpendiularstrain values for [Ni(tNi)/Cu(3 nm)℄xN strutures with tNi= 3 nm and 4 nm.
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Figure 21: Perpendiular and in-plane magnetization loops forCu(1000Å)/[Ni(30Å)/Cu(30Å)℄xN strutures. The magnetization has beennormalized to the saturation value Ms = 480 kA/m. The applied �eld range is ± 15kOe.Magneti PropertiesVolume Averaged MagnetometryThe magneti properties have been studied by means magnetometry and mag-neti fore mirosopy (MFM). Hysteresis loops with the magneti �eld appliedparallel and perpendiular to the plane were measured for [Ni(3 nm)/Cu(3nm)℄xN and [Ni(4 nm)/Cu(3 nm)℄xN strutures, the results are plotted inFigs. 21 and 22, respetively. In both ases the superlatties show a learperpendiular magneti anisotropy with a large remanene of the out-of-theplane loops. For the strutures with tNi = 3 nm, at N = 1 and N = 2 theremanene (Mr) and the saturation ( Ms) magnetization are equivalent, then
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Figure 22: Perpendiular and in-plane magnetization loops forCu(1000Å)/[Ni(40Å)/Cu(30Å)℄xN strutures. The magnetization has beennormalized to the saturation value Ms = 480 kA/m. The applied �eld range is ± 15kOe.for N = 3 Mr = 0.97Ms, for N = 4 Mr = 0.9Ms and, for N = 5 Mr= 0.78Ms.On the other hand, the strutures with tNi= 4 nm up to N = 3 have similar
Mr= 0.95Ms values while for N = 4 Mr= 0.17Ms.The e�etive magneti anisotropy onstant, Keff is estimated from thedi�erene between the free energy of magnetization loops arried out in the�lm plane and perpendiular to the �lm surfae. The in-plane loops were takenwith H applied along the Ni[010℄ in-plane diretion. To eliminate the e�et ofhysteresis in the M(H) loops, we have used the anhystereti M(H) urve: fora value of M, the two orresponding values of H, taken from the inreasingand dereasing �eld branhes of the M(H) loop, are averaged. Thus, Keff ispositive in all ases and dereases as the number of layers N. For the strutureswith tNi= 3 nm the alulated values are: for N = 1 Keff= 89 kJ/m3, for N= 2 Keff = 73 kJ/m3, for N = 3 Keff = 44 kJ/m3, for N = 4 Keff= 44kJ/m3, and for N = 5 Keff = 39 kJ/m3. On the other hand, for the strutures
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Hc = 97 Oe. For the superlatties with tNi= 4 nm are: N = 1 Hc = 237 Oe,N = 2 Hc = 135 Oe, N = 3, Hc = 148 Oe and N = 4 Hc = 131 Oe.Magneti Domain StrutureA deeper analysis of the magneti domain on�gurations involved in the hys-teresis loops is obtained by means of magneti fore mirosopy. Figure 25shows MFM images taken at the virgin state for the [Ni(tNi)/Cu(3 nm)℄xN(tNi= 3 nm and 4 nm) strutures with N = 2, 3, 4 and 5. The images weretaken at onstant height sans over the �lm surfae. The samples were demag-netized by applying a perpendiular magneti �eld. The distane between tipand �lm was redued to improve the signal noise ratio up to a value where thetopography signal did not overome the magneti one or the magneti tip didnot modi�es the domain struture. An estimation of the period of the MFMimages (i.e.,twie the domain size) was obtained from the pro�le of the self-orrelation transform of the MFM images[23℄. The set of images show learly
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that the mean domain size D dereases as N inreases and thus D is virtuallyin�nity for N = 1 but beomes measurable for the rest of �lms being 1.5, 1,0.45 and 0.3 µm for the N = 2, 3, 4 and 5, respetively, and Ni bloks with
tNi= 3 nm. For the bloks with tNi= 4 nm, the average sizes are: 1.1, 0.7and 0.3 µm for N = 2, 3 and 4, respetively. Notie that the N = 4 and 5strutures show the formation of a maze domain struture. This transitionfrom a state of virtual monodomain state to a multidomain state an be ex-plained by the derement of the demagnetization energy due to the dipolarinteration between the Ni bloks, therefore a larger number of domain wallsan be generated in the �lms resulting in smaller value of D.Figure 27 shows �eld dependent MFM images taken in the struture [Ni(3nm)/Cu(3 nm)℄x4 with the magneti �eld applied perpendiular to the �lmplane. The domain pattern for eah H value is marked with an arrow on theperpendiular hysteresis loop. Notie that the inversion magnetization proessis taken plae through the nuleation of small bubbles and stripes (Fig. 27(b)),then they grow up (from Fig. 27() to Fig. 27(h)) and at the end near thesaturation, some bubble domains are observed (Fig. 27(i)).In order to quantify the magneti energy of the domain strutures observed,two ontributions to the total energy are onsider: the magnetostati energy,
ems, originating from the poles at the interfaes between the Ni layers andthe Cu layers, and the wall energy of the domain walls between neighbouringdomains, ew. Thus, we have used the expression of ems given by H. J. G.Draaisma and W. J. M. de Jonge[14℄:
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Figure 25: MFM images for [Ni(tNi)/Cu(3 nm)℄xN strutures. In (a - d) tNi= 3 nmand (e - g) with tNi= 4 nm, for di�erent N values. Notie that the sales are not thesame.
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Figure 26: Average domain size vs. N dependene for the series with tNi = 3 nm and4 nm.
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Figure 27: MFM images taken for the [Ni( nm)/Cu(3nm)℄x3 sample with H appliedalong the normal diretion.
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)]} (8)where Ms is the saturation magnetization of Ni, D is the domain size, Λ isthe bilayer thikness, N is the number of bilayers and m = d1−d2
d1+d2

with d1 and
d2 the domain lengths up and down, respetively. In our ase d1 = d2 = D,then m = 0.The normalized wall energy an be written as:

ew,n =
σw

d(12µ0Ms
2)

(9)here σw is the wall energy per unit area.
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(a) (b)

Figure 28: Energy of the system as a funtion of the domain width d forCu(1000Å)/[tNi/Cu(30Å)℄xN strutures. (a) tNi= 3 nm, (b) tNi= 4 nm.Therefore, the total energy is given by:
eT,n = ems,n + ew,n (10)The dependene of the total energy (Eq. 10) with the domain size as afuntion of the number of Ni bloks for multilayers with tNi = 3 nm and 4nm is shown in Fig. 28. The same σw= 5×10−3 J/m2 value has been used toalulated the total energy. Well de�ned minima of the energy are observed asthe number of the Ni bloks inreases. The alulated domain sizes are similarto those found by MFM in Fig. 25.

DisussionFrom the hysteresis loops in Figs. 21 and 22 it is dedued that the easy mag-netization diretion is perpendiular to the plane for all the samples. Theremanent magnetization dereases as N inreases, speially for the strutureswith tNi= 4 nm. Thus, the e�etive anisotropy onstant behaviour show rele-vant di�erenes between the strutures with tNi= 3 nm and 4 nm. In the �rstase, we observe a strong redution of Keff from N = 2 (73 kJ/m3) to N = 3(43 kJ/m3), followed by a stabilization up to N = 5. On the other hand, forNi thiknesses bigger, Keff dereases in steps ≤11 kJ/m3 up to N = 3 andrapidly drops at N = 4 to a situation where the in-plane and out-of-the planemagnetization are balaned out. These features are very signi�ant sine theperpendiular magneti anisotropy in Ni thin �lms disappear around 12 nm,but if the total Ni thiknesses is onsider in both kind of multilayers, that valueis extended to 15 nm (for the tNi = 3 nm strutures) and 16 nm (for the tNi



Conlusions 33= 4 nm strutures), meaning that the growth of bloks of Ni layers separatedby a Cu interlayer stabilize the range of perpendiular anisotropy to larger Nithikness. These important results an be related with the strutural proper-ties disussed before sine the alulated average out-of-plane strain values ofthe Ni bloks reveled that the strutures with tNi= 3 nm are able to maintaina large strain in Ni layer and therefore, the magnetoelasti anisotropy respon-sible of the perpendiular anisotropy in this system overome other anisotropyontributions up to larger values of nikel thikness that the value of the nikelsingle �lm, whereas the strutures with tNi= 4 nm present a lower strain valuewith a signi�ant derement for the N = 4 staking.The oerive �eld also dereases with the number of Ni bloks in bothstrutures. The strongest variation is observed between N = 1 and N = 2 for
tNi= 4 nm, where the redution orrespond with 100 Oe. Then, we observethat the values tend to stabilize with the number of strutures. This resultswill be disussed in detail latter.In addition, we observe that for N = 1 and N = 2 strutures, Ms ≈ Mr,indiating that the inversion of the magnetization vetor takes plae through aproess that involves the nuleation and expansion of the domains. Strutureswith larger values of N show larger di�erenes between Ms and Mr, indiatingthat the transition between the single domain states our in a larger interval ofmagneti �eld. MFM images show that the domain size dereases as the stakof Ni �lms inreases. In agreement with the strong perpendiular anisotropy atN = 1, the perpendiular domains tends to higher values than 5 µm, images notshown here. The domain sizes are smaller for tNi= 4 nm than for tNi= 3 nm,this fat is orrelated with the redution of the Keff values favouring for the�rst thikness the reation of domain walls. For this purpose the minimizationof the total energy alulated by onsidering the magnetostati energy and thedomain walls energy show the same redution of the average domain sizes atthe experiment.
ConlusionsThe x-ray di�ration data show that the alternating layers of Cu and Ni areoherent and, therefore onstitute one single rystal with its unit ell largealong the growth diretion. The periodi lattie distortion gives rise to satellitepeaks lose to the Bragg re�etions of the Cu bu�er layer and Ni Bragg peak.The variation of the Ni Bragg peaks positions depends on the number of Ni



34 Coerive forebloks showing that the Ni lattie tends to get relaxed at higher thiknessesthan a single �lm with equivalent thikness. Thus, the strutural propertiesare strongly orrelated with the perpendiular magneti anisotropy behaviourobserved for the staks of Ni separated by a Cu layer.In spite of the strong perpendiular anisotropy of the Ni/Cu systems pre-sented, a redution the domain size an be ontrolled by the variation of thik-nesses of the Ni and Cu layers, and therefore doing possible the ontrol of thedomain mirostruture desired regarding to the appliation, i,e., maze, bubble,stripes domain patterns.
Coerive foreIn this setion the redution of the values of Hc as N inreases is disussedin term of strutural and magneti parameters, and a model based on thepropagation of mis�t disloations is proposed.Introdution

Hc is de�ned as the �eld at whih M is redued for remanene to zero. Thus,oerivity measures the resistane of a ferromagneti material to beome de-magnetized. In a M-H loop with remanent magnetization Mr, 4MrHc givesthe order of magnitude of the loop area, whih shows that Hc is a measure ofthe energy dissipation aompanying the magnetization proess. Hc values anspan an amazingly wide interval as funtion of the omposition and mirostru-ture of the material and the preparation proedure. Very soft materials usedin transformers, Hc ∼ 1 A/m, have been fabriated by alloying Ni and Fe orfabriating amorphous alloys to obtain a ompound with zero magnetostritionand magneti anisotropy values. On other extreme, hard magneti materialswith Hc ∼ 107 A/m, used in motors are obtained alloying rare earths and3d metals. The high impat that strutural fators have in Hc for the samematerial an be observed in iron: for pure and high purity iron Hc ∼ 1 A/m,for ommerial polyrystalline piees Hc ∼ 100 A/m, while for single domainpartiles Hc ∼ even larger than 104 A/m.That variation of Hc with the struture of the material has fueled theonsideration of a wide number of mehanisms to model the problem of themagnetization proess: oherent rotation, urling, buking, bukling and do-main wall nuleation has been invoked to explain the reversal of M in partilesas funtion of their diameter. The reation of a domain wall introdues the
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(a) (b) (c) Figure 29: Inreasing degree of wall distortion under progressively stronger inter-ation (pinning)(a) Rigid wall and low interation, (b) one dimensional and ()twodimensional bowing. The one dimensional bowing does not reate harges in the DW.onept of magneti domain, that is a uniformly magnetized region reatedto minimize the magnetostati energy. The inversion of the magnetization isarried out by disontinuous or Barkhausen jumps [7℄; the jump, as explainedby Langmuir [2℄, is a spatially inhomogeneous proess: the propagation of aboundary between domains of opposite M. Domain walls an be pinned bydefets in the material and are moved under the pressure of the external �eld.The physial piture of the term wall pinning orresponds to the impedimentsto wall motion arisen from strutural disorder: non-magneti inlusions, grainboundaries, residual stresses, et.In the desription of these mehanisms, there are two points that deserveattention: the treatment of the wall as a rigid or �exible surfae, see Fig. 29 andthe dimensionality of the perturbation responsible for pinning. Thus, severalmodels distinguish two regimes based on the ratio of the defet size to the wallthikness. A general statement of the problem introdues in the free energyterms due to the wall energy, that indiate the amount by whih the energystored in the distorted wall surfae inreases above the energy of a �at wall.The magnetostati energy term indiates the presene of free poles on the wallsurfae. The interation energy with pinning enters, that are assumed to be arandom distribution of defets with average volume density ρ; the presene of arandom pinning term introdues many loal minima orresponding to slightlydi�erent wall surfae on�gurations. The last onsidered term responds ofthe oupling between the defet and the applied �eld. This energy has tobe minimized, and beause the energy represents a stohasti, non-loal andnon-linear problem, and there is a large number of solutions, the most stableyielding the oerive fore value.When the wall is loated in one of these minima, then, inreasing themagneti �eld will produe an adjusting of the DW surfae through reversibledistortions and Barkhausen jumps. General properties of the oerive �eldan be found on the basis of dimensional onsiderations and sale-invariane



36 Coerive forearguments [8℄ and analytially [9, 10℄. For the rigid wall approximation, thewall is a plane surfae moving rigidly; the wall energy and magnetostati energyare always at a minimum while the interation with the defets will be high.The other extreme to deal with the problem is to onsider a fully distortedwall that is orrugated to minimize the pinning energy at the expense of extradomain wall and magnetostati energy. The �rst ase implies that the pinningenergy is small with respet to the wall and magnetostati energies and theoerive �eld is obtained as the result of the interation of a domain wall witha random pinning �eld, obtaining:
Hc =

C

µ0Ms

(

ρ

LxLzδp

)1/2

Ep (11)with C a onstant, Lx and Lz the area of the domain wall, Ep the energyinteration of the DW with the defet and δp the DW - defet interationlength, typially of the order of the domain wall. To deal with the domain wallpinning mehanism that ontrol the value of Hc the wall internal struture isnegleted.In the ase of domain wall bowing the Hc [11℄ is given by:
Hc =

C

µ0Ms

(

ρ

Lx

)2/3 E
4/3
p

γ
1/3
w δp

(12)where σw is the domain wall energy. The relation of the bowing of the DWwith the interation strength with the defet has been also shown by omputersimulations [9℄Now the pinning mehanism for rigid DW is onsidered [8℄. The relaxationof the strain in the nikel �lms ours through the formation of mis�t dislo-ations, see Fig. 30, so this soure is assumed as the main fator determiningthe value of Hc. The disloation ore generates a loal strain distortion whih,through the magnetoelasti interation, is oupled with the magneti spins ofthe DW. The pinning energy due to the interation of the DW with a singledisloation segment is of the order of Gλsblδp, where G is the shear modulus,
λs is the saturation magnetostrition onstant, b is the amplitude of the Burg-ers vetor and ℓ is the typial length of the disloation segment that the wallenounters parallel to its plane. The disloation density ρd an be related withthe volume density ρ of disloation segments of typial length ℓ are relatedbeing ρ ∼ ρd/3ℓ, then Eq. (11) beomes:

Hc = C
Gλsb

µ0Ms

(

ρdδpℓ

3LxLz

)1/2 (13)
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Figure 30: Burger vetor of one 60o mis�t disloation.Coerive foreThe mehanisms involved in the inversion of the M in nanostrutures thatonsist of magneti bloks separated by a non magneti spaer systems havemanifold e�ets in their magneti properties. In strutures with in-plane mag-netization, the dipolar oupling between DW survive large distanes beausethe magneti �eld generated by the domain walls an be large and favours aoupling between bloks in the nanostruture. The result is the dereasing of
Hc [12℄ in multilayers with respet to the single �lm, the dereasing of the re-manene of the hard magneti layer by repeated swithing of the soft magnetilayer [13℄, sharp drops in resistane at Hc in trilayers [14℄ and dynamis ofmagneti domain wall motion in the soft eletrode of a trilayer [15℄.Therefore, the mehanisms involved in the inversion of the magnetization innanostrutures whih may be forming one of the funtional bloks in a magnetistruture show up as an important issue beause the DWs interat with a spin-polarized urrent. Besides the tehnologial relevane of the knowledge of Hc,basi issues are behind the displaement of the DWs sine they are an exampleof fore-driven transitions that inludes harge-density waves in eletri �eld,superondutors with large urrents, plasti-forming proess or earthquakes[16℄.Coerive fore in Ni/Cu/Ni bilayersIn this setion the dependene of Hc with the tNi is presented for several seriesof Ni/Cu/Ni bilayers and Ni �lms.Figure 31 shows the variation of Hc with tNi in a series of Cu/Ni/Cu �lms.A strong inrement for tNi ranging from 1.5 to 3.5 nm is observed, with Hchanging from 100 Oe for tNi = 2 nm up to about 220 Oe for tNi= 4nm, while
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Ni Thickness (nm)Figure 31: Coerive fore as a funtion of tNi in a Ni wedge and in a series of Cu/Ni/Cu�lmsfor larger thiknesses Hc remains roughly onstant. The same trend has beenobserved previously [17℄ in Ni �lms grown on Cu single rystal. The largervalues of Hc found in the Cu/Ni/Cu trilayers an be assoiated with the largernumber of defets that are present in the 100 nm thik Cu seed layer omparedwith a Cu single rystal after a standard preparation (ion milling and annealingyles) for thin �lm grown in ultra high vauum environment.The variation of Hc with the tCu spaer in the double �lms with tNi = 3nm is shown in Fig. 32. From tCu= 0 to tCu= 1 nm, Hc,s dereases from ∼220 Oe to 125 Oe while for tCu > 1 nm, Hc,s does not depend of tCu and looksto take a value ∼ 130 Oe. A similar trend is observed for the in-plane strainmeasured by grazing inidene X-ray di�ration. Sine the anisotropy onstantK is proportional to the �lm strain state, after Eq. (13) the generation of mis�tdisloation an modify Hc diretly as a defet that pin the domain wall, andindiretly by modifying the domain wall size δp ∼ (K/A)1/2.Thus, Hc is ompared in strutures with similar values of perpendiularmagneti anisotropy. Figures 21 and 22 display out-of-plane M(H) loops takenfor �lms and double �lms with tNi = 3 and 4 nm and tCu = 3 nm. All theloops show large remanene indiating that the Ni strutures have an out-ofplane easy axis. For these strutures, the perpendiular anisotropy onstant
Kp is positive with Kp,s(4nm) = 2.2 105 J/m3 and Kp,d(4nm) = 2.0 105 J/m3;
Kp,s(3nm) = 2.3 105 J/m3 and Kp,d(3nm) = 2.1 105 J/m3. This fat suggeststhat δp should be approximately onstant.
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Figure 32: Hc and in-plane strain for a series of Ni/Cu/Ni layers as a funtion of tCu

Hc shows remarkable di�erenes: for the strutures with tNi = 3 nm Hc ≈120 ± 5 Oe, while if tNi = 4 nm, Hc is muh larger for the single �lm (Hc=220 ± 20 Oe) than for the double �lm (Hc = 130 ± 5 Oe). The lak ofinrement of a quantity usually assoiated to the inrement of the density ofdefets (threading disloations) suggests that the preparation proess inhibitsthe propagation of disloations through the seond Ni blok. On the otherside, the presene δp appears in Eq. (12) and (13) may also reveal the preseneof a magneti mehanism that modi�es the interation range between defetand domain wall.
DisussionTo justify the use of the rigid wall approximation and Eq. 13, it is onsiderthat the small value of the nikel layers prelude the formation of signi�antbowing perpendiular DW plane. Also, in plastially deformed single rystalof Ni [18℄, it has been shown that in the low defet range investigated in thispaper, Hc ∝ ρ1/2 holds. Thus, the expression given in Eq. 13 is used to disussthe observed behaviour of Hc.
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Figure 33: Geometry and initial on�guration used to alulate the DW widthDomain Wall WidthFirst, we disuss the variation of δ in single and double �lms to determine Hc.The redution of Hc in permalloy-silion multilayers with respet to the valueobserved in the thin �lms [12℄ has been qualitatively explained attending to thenuleation of oupled Néel DW in double �lms, with lower energy and largerwidth than the Bloh DW existing in single �lms [19, 20℄. The domain wallsstruture in Ni nanostrutures is estimated using a Landau-Lifshitz-Gilbertmiromagneti solver [21℄. A retangular element (with dimensions Lx = 1000nm and Ly = 400 nm) with periodi boundary onditions along the x diretion.Typial Ni material parameters were used: saturation magnetization Ms= 4.90105 A/m and A = 0.8 10−5 J/m, while Kp = 2.2 105 J/m3, a value within therange of the experimental values obtained for the strutures studied here. Theelement, divided in two domains with perpendiular M and a entral strip,orresponding to the DW, is set with random orientations of M, see Fig. 33.This on�guration is used as the starting point in the simulation. Sine theDW volume is small ompared with volume of the simulation speimen anddoes not move from the initial position, the dereasing magneti energy δEan be assigned to a hange in the domain wall energy. One the DW is stable
∆, we de�ne its thikness as δ = 2 ∆, where ∆ is the distane from the enterof the DW to the points at whih Mz is 90% of the saturation value in eahdomain. Figure 34.(a) shows the variation of δ for Ni and Ni/Cu(3 nm)/Nistrutures as a funtion of nikel blok thikness.The domain wall width dereases as tNi inreases for �lms and tends toa onstant value in the ase of the double �lms. The alulation of δ showsdi�erenes for single and double �lms: δ is larger for the double �lms thanfor the single �lms above tNi ≈ 3 nm, although the hange is size is minute,2 nm for tNi = 4 nm, less than 5%. The energy of these DWs for strutureswith nikel bloks thiknesses smaller than 4 nm is in the range of 4.5 mJ/m2,
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Nickel thickness (nm)Figure 34: Domain wall width for Ni �lms (squares) and Ni/Cu/Ni strutures (irles)smaller that the theoreti value obtained for a Bloh wall (∼ 6 mJ/m2). Thus,although the domain width dereases in double �lms with respet to the single�lm values, that variation looks to be small to justify the observed derementof Hc.Disloations in thin �lmsIn thin �lms, the relaxation of the epitaxial strain is assoiated to the glide ofthreading disloations at the interfae between two materials: existing dislo-ations of the substrate initially moves to the surfae without altering the seedstruture and lattie parameter, but above a ritial thikness tc the disloa-tion line moves parallel to the interfae, adding or taking out a plane of thethin �lm that faes a substrate plane, see Fig. 35. As a result, the averagedelasti energy of the �lm dereases and a linear defet is introdued into thethin �lm [22℄.Magnetially, inreasing the density of linear disloations brings about aninreasing of the oerivity. In Fig. 31 the dependene of the oerive �eldvs. the thikness of a nikel �lm grown on a Cu(001) single rystal shows thatabove tc, Hc learly inreases reahing a relatively stable value; the low valueof Hc for tNi < tc indiates the high perfetion of the Cu(001) substrate.For the system under study, a heteroepitaxial Cu-Ni struture with a mis�t
η = 0.025, the ritial thikness for the generation of mis�t disloations is1.3 nm for unapped Ni �lms and about 2.7 for �lms with a apping layer.Therefore, ℓ in Eq. (13) inludes mis�t ℓm and threading ℓth segments and
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Figure 35: Generation of a mis�t disloation segment from a disloation line thatinitially extends from one speimen surfae to the other.
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 Figure 36: Sketh for the three di�erent senarious for the propagation of a threadingdisloation in single and double Ni �lms.both of them an pin the domain wall. While ℓth goes with the total �lmthikness, Lz beause the disloation has to end at the �lm surfae, ℓth maybe di�erent depending on the layer struture:� Large strain without mis�t disloations (see Fig 36 ase a). If the strainrelaxation is small, ℓth >> ℓm and the ratio ℓth/Lz will not hangeif the �lm struture is doubled. Therefore Hc remains with the valuedue to defets existing in the opper bu�er layer and transmitted to theNi/Cu/Ni struture and Hc(single) = Hc(double).The generation of mis�t disloations to relax the elasti energy of the �lmis a omplex issue. Here we only introdue the extreme situations.� Relaxation by single kinks (see Fig 36 ase b). In this ase MD appearonly in the �rst Ni-Cu interfae. The interfaes of the seond Ni �lmsdoes not undergoes the propagation of the disloation along the interfae,see Fig. 35, also if ℓmd >> ℓth the pinnig of the wall in the single anddouble �lm is done by the same defet, and beause the domain wall intwo times larger in the double �lm we have Hc(single)=Hc(double)/√2.



Disussion 43If ℓth is di�erent at the interfaes of the seond Ni blok by a fator γ <2,
ρs = γρd and the Hc ratio will be equal to √

γ.� Relaxation by double kinks (see Fig 36 ase ). Here symmetri distri-butions of MD are at the Cu-Ni interfaes. In this ase, segments inboth �lms are idential and doubling the domain area also doubles thedisloation length, Hc(single)=Hc(double).The single-kink model implies the apping layer aquires some strain (of theopposite sign to the layer) whereas the double-kink model implies the appingblok remains unstrained. We note that the 4 nm thik Ni �lm is stronglydistorted, the opper grown on top of a layer with a lattie parameter quitelose to the Cu bulk value implying small gain in elasti energy that may benot large enough to favors the formation of double kinks. Thus, the next layerof Ni grows onto a Cu layer with smaller lattie parameter than the bulk value,beause this layer of opper is not ompletely relaxed, and the ritial thiknessfor the formation of MD inreases.Comparing this model with with the experimental values, for tNi= 3nm,
Hc(single)/Hc(double) = 1 while for tNi= 4 nm Hc(single)/Hc(double) = 1.5,lose to √

2. This model yields that for the latter strutures the distributionof MD is asymmetri and dominates the pinning mehanism while for thestrutures with 3 nm thik Ni bloks the disloation segments have similarstruture for the Ni blok.
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III. Magneti Domain Struture on a Fe Wedge 49
IntrodutionUltrathin epitaxial ferromagneti �lms have shown a rih variety of magnetiproperties that are extremely sensitive to the rystallographi struture, tem-perature, ontamination level, and surfae quality [1℄. One of their unonven-tional features is the �lm thikness dependene of the spin reorientation tran-sitions between in-plane and perpendiular to the plane diretions [2, 3, 5℄. Inthese systems, the easy magnetization diretion is the result of the ompeti-tion between the large perpendiular uniaxial anisotropy (originated by the �lmsurfae [5℄) or the magnetoelasti oupling [6℄, and the shape anisotropy [3℄.Fe is a omplex and widely studied magneti material. Beause of the mag-neti interation, at room temperature bulk Fe rystallizes in a ferromagnetibody entered ubi (b) struture (α-Fe) and exhibits a phase transition to afae entered ubi (f) phase (γ-Fe) at 1184 K, whih is stable up to 1665 K.Above this temperature, iron transforms bak to the b phase (δ-Fe), whihremains stable up to the melting temperature (See Fig. 37). The preparationof Fe thin �lms on f substrates as Ag(100) and Cu(100) due to the similarvalues of their lattie onstants (aCu = 3.615 Å, aAg = 4.09 Å) with the ex-trapolated value of the f Fe lattie parameter at room temperature (afcc−Fe= 3.58 Å) favors the epitaxial growth of the γ phase at low thikness of iron.For Fe/Cu(001) �lms grown at room temperature (RT), three di�erent regimeshave been identi�ed regarding the strutural and magneti properties. Firstly,a ferromagneti (FM) phase with perpendiular magnetization (Regime I) foriron thiknesses below ≈ 4 monolayers (ML) ours. Seondly, an antiferro-magneti (AF) phase overed by a FM surfae live layer with a magnetizationdiretion normal to the �lm plane (Regime II) for tFe between 5 and 10 MLappears. For these regimes tetragonally distorted f (ft) is present mainlyin regime I and f(100) in regimen II. Finally, �lms thiker than 11 ML showin-plane magnetization (regime III) at the same time that a martensiti phasetransition from f to b [5, 7�9℄.In addition, four di�erent omplex surfae reonstrutions have been foundfor the di�erent regimes with inreasing �lm thikness [10�12℄: In the regimeI, a (4×1) struture around 2 ML and a (5×1) struture around 4 ML wereobserved. Then, orrelated with the struture hange to the regime II, a(2×1) struture above 5 ML appears. Finally, at 11 ML (regime III) there
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Figure 37: Phase diagram as a funtion of the temperature and pressure for bulkiron.are four symmetrially equivalent arrangements of the b(110) struture onthe f(100) substrate, see Fig 38.It is worth mentioning that the magnetism and struture of Fe �lms havebeen extensively studied using tehniques suh as: low energy eletron di�ra-tion (LEED) - Auger [7, 11�14℄, sanning tunneling mirosopy (STM) [11, 15℄,spin-resolved seondary-eletron emission spetrosopy (SPSEES) [5℄, re�exionhigh energy eletron di�ration (RHEED) [9, 16℄, surfae magneto-opti Kerr-e�et (SMOKE) [5, 9, 17℄, ion beam triangulation [7℄ and sanning eletronmirosopy with polarization analysis (SEMPA) sensitive to the perpendiu-lar magnetization omponent [18℄. However, as far as I know, studies of thedomain struture in �lms grown at room temperature have not been reported.Below, the in plane domain mirostruture in Fe/Cu(001) system is pre-sented. Wedge-like �lms with varying Fe overage have been prepared by usingeletron beam evaporation in ultra high vauum and afterward measured by
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Figure 38: At top: Pitorial representation of the distribution of Fe atoms on aCu(100) rystal forming a f and b layer. At bottom: Sketh of the four possibleorientations of a Fe(110) rystallite on a Cu(100) surfae with the Fe<111> Cu<110>diretions parallel to eah other.



52 Experimental DetailsSEMPA. Two di�erent behaviors were found: On the one hand, for tFe lowerthan about 11 ML, a strip was observed in a region without magneti on-trast, and the other hand, above 11 ML of iron the transition from f(100) tob(110) phases is related to the magneti domain struture.
Experimental DetailsUltrathin Fe �lms with thiknesses between 0 and 22 ML have been grownby e-beam evaporation onto a Cu(100) single rystal at room temperature inultra-high vauum. The base pressure was in the range of 2× 10−10 mbar andduring the deposition raised to 6 × 10−10 mbar. Before eah experiment, theCu(100) substrate was leaned by repeated low energy (500 eV, 1µA) Ar+ ionbombardment at room temperature and annealing at 700 oC for 20 minutesyles until sharp spots representing a (1×1) surfae were observed by lowenergy eletron di�ration (LEED), see Fig. 40(a). Fe was evaporated froma high purity rod at rate of 0.7 ML/min at room temperature. In order toprovide a global piture of the Fe system, we use wedge-shaped samples tostudy the domain struture as a funtion of the �lm thikness, as is shown inFig. 39(a). Sanning eletron mirosopy with polarization analysis (SEMPA)was used to image the orthogonal in-plane magnetization omponents at the�lm surfae. The growth hamber is onneted to the SEMPA apparatus(working at pressures less than 5 × 10−11). Therefore, immediately after theFe growth the samples were transferred and the domain pattern visualized.

(b) 

Fe rod 

Shutter 

Cu X-tal 
Fe layer 

(a) Figure 39: (a) Simpli�ed illustration of the deposition setup. (b) Photograph of theCu single rystal marked with the rystalographi diretions after the deposition ofthe Fe layers.
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General features and magneti ontrast for

tFe < 4MLThe LEED patterns shown in Fig. 40(b) and () were taken at di�erent posi-tions of the iron wedge. The patterns in Fig. 40(a) and () orrespond to fand b phases, while the pattern displayed in Fig. 40(b), taken at an inter-mediate distane, shows a mix of b(110) and f(100) strutures revealingthat the eletron beam reovered information from di�erent thiknesses on thewedge beause the width of the LEED e-beam (typially 1µm). The omplex-ity of the pattern shown in Fig.40() has been explained as the result of thearrangements of the b struture on f (110) substrates [10, 11, 13℄ with thePitsh orientational relationship in whih rows of nearest-neighbor atoms aremathed between {011} b and {001} f planes [10℄. Thus, it is found thatthe Fe<111> diretion mathes the <110> Cu axis and four di�erent variantsan be observed. Fig. 38 shows the orresponding variants for the (110)Feplane on (001)Cu: [110℄bcc ‖ [11̄1℄fcc, [11̄0℄bcc ‖ [1̄11℄fcc, [11̄0℄bcc ‖ [1̄11℄fccand [110℄bcc ‖ [1̄11℄fcc. Figure 40 displays a sketh of the reiproal lattieof a Fe �lm on a Cu(001) surfae showing the [110℄bcc‖[11̄1℄fcc variant as itwas reported by M. Wuttig et al [11℄. The ellipses represent the positions ofthe LEED beams. Open and �lled ellipses distinguish the remaining variants.Moreover, in the LEED images the ontrast bakground indiates a low rangeorder of the surfae.Figure 41 shows the SEM image and SEMPA vertial and horizontal po-larization omponent images for the whole Fe wedge. The SEMPA imagesshow no ontrast on the left half of the image exept for a wire in the vertialhannel. The lak of ontrast in this region indiates perpendiular magnetiza-tion of the iron �lm. The thikness of the iron �lm, tFe, along the wedge wasalulated based on the magneti ontrast observed and taken into aounta onstant �ux of deposition of iron on the opper. Thus, based on previousresults for the onset of the out-of-plane to in-plane spin reorientation [7, 9, 10℄,we have taken 11 ML for the x oordinate where the magneti ontrast showsup in Fig. 41(b) and (). Another interesting fat is the observation of di�erentontrast in the SEM images parallel to the shutter edge (see Fig. 41(a) andFig. 45). Those di�erenes in the ontrast ould orrespond to the onset ofthe iron layer and the existene of b and f rystal strutures whih will be
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(c) 

(a) (b) 

(d) 

Figure 40: LEED patterns for lean Cu (100)(a) and Fe (b) and () �lms withinreasing thikness. The di�ration patterns orrespond with a mix of a f (100)and b (110) phases, and a more de�ned b (110) phase, in (b) and () respetively.(E= 233 eV).(d) Sketh from the Wuttig's artile.disussed later.A strip with magneti signal inside a non-magneti area is observed onlyin the vertial polarization omponent, see Fig. 41(b), for tFe between ≈ 1.6and 2.3 ML forming a single domain struture. The domain is along one ofthe in-plane <001> diretions, whih is the easy axis of magnetization in Febulk. The width of the line is 5µm. We note that, for iron �lms in this range ofthiknesses, in-plane magnetization has not been reported for Fe �lms grown bythermal deposition (TD), although the magneti phase diagram as a funtionof the growth temperature reported by D. Liu et al [5℄ shows a weakening ofthe perpendiular anisotropy for temperatures larger than room temperature.The presene of that strip an be understood onsidering the work of O.Portmann et al. [18℄. This group has reported an anomalous variation of Tcwith tFe for small values of tFe: Tc peaks at tFe = 2.1 ML with a value of
≈ 320 K, being 1.8 ML the threshold of thikness for with whih Tc >= 300K (see Fig. 2(a) of Portmann's referene). We note that the interval of tFefor whih Tc is larger than room temperature reported in the above refereneis in exellent agreement with the values alulated for the strip observed inFig. 41.However, an important fat in the magneti behavior of this system is re-lated with di�erent regimes regarding the strutural properties for Fe �lms
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Figure 41: Magneti domain struture on a Fe wedge. (a) SEM image on the sameregion as in (b) and (). The SEMPA images show the distribution of the (b) vertialand () horizontal polarization omponents. (d) and (e) display the histogram ofpolarization of the strip region (1) and in-plane domains region (2), respetively. Thepolarization values are 1% in (d) and 2.6% in (e).grown at room temperature [7, 9, 12℄. Although in general there is a on-sensus about the rystallographi struture for �lms thiker than 4ML, forthinner Fe �lms the strutural properties seem to be strongly dependent onthe growing onditions and tehnique used, providing �lms with di�erent mag-neti behavior [16, 20℄: M in-plane for �lms grown by PLD and perpendiularfor �lms with grown by thermal evaporation. Therefore, the ourrene of aferromagneti island with in-plane ontrast inside of a paramagneti sea ouldbe explained for small variations of the strutural properties of the Fe �lms.We observe a redution of the spin polarization on the iron �lms, thus, theSEMPA polarization value of the strip is 1% [see Fig. 41 (d)℄ inreasing up to2.6% at larger thikness [see Fig. 41 (e)℄. These values are omparable withthose obtained by T. Bernhard et at [7℄ for equivalent thikness. In fat, itwas found that the polarization value saturates at ≈ 17 ML of Fe thikness.The loss of spin polarization has been observed for Fe �lms with in-planemagnetization by D. P. Pappas et al. [5℄, and Allenspah et al. [3℄. In both



56 General features and magneti ontrast for tFe < 4MLases, the in plane magnetization in Fe/Cu (001) �lms saturates at ≈ 35% ofthe bulk value, whih is onsiderably lower than the perpendiular polarizationof about ≈ 50% [5℄.On the one hand, Pappas et al., have argued that the derement of the spinpolarization would be onsistent with a redution of ≈ 25% of the magnetimoment in this range of tFe, where the value of Tc is onsiderably smallerthat the bulk value. On the other hand, Allenspah et al. disagree with thelast laim and suggest that the redued remanene magnetization, Mr, is aonsequene of the strutural transition from a tetragonally distorted to amore omplex phase.

Figure 42: SEMPA domain images after three days on the same region as in Fig. 41.The strip breaks into big domains oriented on the [010] diretion.
In addition, after three days, the stripe in Fig. 41 breaks into big domainsoriented on the [010] diretion as it is shown in Figure 42. Notie that, thedomains are visible in both hannels and the signal is even stronger in theparallel one. The width of the line is 7.2 µm and the domain size (vertialwhite zone) is ∼ 30 µm. These elongated domains in one diretion suggestan anisotropy within the �lm plane. Time dependent magnetization has beenobserved before in Fe stripes grown on Cu (111) [21℄ where the remanentmagnetization after saturating the sample deays slowly. However, the reasonswhy the single domain state is broken at lower iron thikness after some daysis still unlear for us and may involve a weak ontamination of the sample byresidual gases of UHV hambers.
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Spin Reorientation Transition, Fe films (tFe >11 ML)Figure 43 shows a general view of the magneti domain struture for a Fewedge with thiknesses ranging from ≈ 11 to 20 monolayers from the left tothe right. It is lear that the domain size inreases with tFe. The histogramof polarization shows that there is a preferred orientation of the M that ouldbe understood if an uniaxial magneti anisotropy is present in the �lm. Notiethat, in this ase the radius of the SEMPA spin polarization is 3%, a largervalue than that observed for the strip.

10 µm 10 µm

a b cFigure 43: In plane magneti domains of a Fe wedge. The thikness is inreasingfrom the left to the right (from ≈ 11 ML to 20 ML). (a) Perpendiular and (b) parallelSEMPA magnetization omponents. () Histogram of the spin polarization.Figure 44 shows the domain struture for a region near the transition fromperpendiular to in-plane magnetization with tFe between ≈ 11-13 ML. Thedomains are forming entwined ribbons with M in antiparallel orientation be-tween neighbor domains. The average domain size is 670 nm and 1350 nm forthe vertial and horizontal omponent, respetively. The histogram of polar-ization suggests the presene of an uniaxial magneti anisotropy. Remarkably,this �nding ould be explained as the result of the weakening of the perpen-diular anisotropy and the generation of a anted domain struture with al-ternating in-plane omponents from the stripe domain struture; neverthelessmagnetization measurements show that the spin reorientation transition is notmediated with intermediate orientation of M.On the other hand, on the region with the uniaxial anisotropy, the lose
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2 µm 2 µm

2 µm

Figure 44: Domain pattern near the transition region at tFe ≈ 12-13 ML. Theupper plots orrespond with the vertial, on the left, and horizontal, on the right,polarization omponents. The lower plots are: the in-plane magnetization pattern,on the left, and the histogram of the spin polarization, on the right.examination of the SEM images reveal a orrelation between the strutureand the magneti images. Bak-sattered eletron, Fig. 45(a), and seondaryeletron images, Fig. 45(b) and (e), show areas with two di�erent tones at thetransition region where the f to b phase transformation takes plae. Notiethat the ontrast is inverted in these images. The seondary eletron imagewere olleted with the in-lens detetor detetor(BSE) that shows di�erenes inthe work funtion (e.g., eletroni variations) on the sample with high lateralresolution. The ontrast in Fig. 45(b) was enhaned to highlight the shapeof the areas with di�erent ontrast and establishes a orrelation between thetopographi and the magneti images. A more detailed view of a portion of thelast image is shown in Fig. 45(e) where the dark lines are forming 90 degrees



Spin Reorientation Transition, Fe films (tFe > 11 ML) 5945 degrees with the horizontal, see arrows. The magneti ontrast in Fig. 45(f)and (g) follows the same orientation that the features observed in the SEMimage, although the size of the magneti domain is larger. This shows thestrong relation between the rystallographi phases and the magneti domainstruture of Fe �lms on the transition region.
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f gFigure 45: Contrast phases and magnetism of Fe �lms on Cu(100). (a) SEM imageon the transition region using bak-sattered eletrons. (b) and (e) SEM images usingseondary eletrons. ( - d) and (f -g) magneti domain mirostruture in the sameregion as in (b) and (e), respetively.Fourfold symmetry is observed in the SEMPA histogram when tFe in-reases, as it is shown for tFe ≈ 14-15 ML in Fig. 46. In this ase the domainsfollow a preferential alignment at around 45 degrees with the horizontal line
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2 µm 2 µm
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Figure 46: In-plane Fe domains show fourfold symmetry at tF e ≈ 14-15 ML. Theupper plots orrespond with the vertial, on the left, and horizontal, on the right,polarization omponents. The lower plots are the in-plane magnetization pattern, onthe left, and the histogram of the spin polarization, on the right.that orresponds to the <110> Cu diretion, and further, taking into aountthe rystallographi orientation of the Fe variants (Fig. 38), to the <111> or
<112̄ > b Fe diretions. The sign of the magnetorystalline anisotropy on-stant (K1 > 0) indiates that these diretions are magnetially hard while the
<100>diretion is the one of minimal energy. The angles that form <100>Feand <110> Cu diretions are 55o, and 35o, depending on the variant onsid-ered (see Fig. 38). Therefore, another magneti anisotropy looks to be presentin iron �lm.In addition, by evaluating the magneti domain dimensions in Fig. 44 andFig. 46, we note that the domain dimensions hange their values with tFe. Forthe image taken at the position with thinner iron layer (Fig. 44), the typialvalues for the vertial and horizontal dimensions are 670 nm and 1350 nm,



Magnetoelasti Model 61respetively, while, for the thiker region (Fig. 46), the average sizes are 1600
nm and 670 nm for the vertial and horizontal omponents. The radius of spinpolarization is ≈ 1.8% in both ases.
Magnetoelasti ModelTo justify the use of the ME energy for this system we disuss the presene ofresidual strain in the Fe(110) layer. The ourrene of the orientation relation-ships between the Cu(001) and Fe(110) planes is obtained using the oneptof invariant line than orresponds to a rystal line that remains unrotated andunstrethed during a rystal transformation [10, 22℄. For the Cu-Fe system theinvariant line orresponds to <111> diretions. Thus, along a <111> diretionof the unit ell the atoms of Fe and Cu are aligned, see sketh Fig. 38.This mathing introdues a shear strain in the Fe layers along the <111>diretion as is observed by the measurement of the angle between the two

<111> diretion loated in the (110) plane done by grazing sattering of fastH and He atoms or ions [7℄ and LEED [11℄. The strain beomes anisotropiin the Fe(110) unit ell and inside eah variant but, from the point of viewof the whole Fe �lm, it has a fourfold symmetry beause the distortion inthe b domains is linked to the Cu(100) plane. The mis�t between Cu[110℄and Fe [111℄ is 2.7%, meaning that a thin iron �lm will expand along thisdiretion to adapt itself to the Cu lattie. The inverse magnetoelasti e�etsuggests that this [111℄ diretion beomes a magnetially hard diretion sinethe magnetoelasti stress is positive [21℄ (i.e., M moves to the ompresseddiretion), as it is shown below. To desribe the ME ontribution to the totalanisotropy energy eanis in eah rystallite forming the iron �lm, due to thestrain, we start onsidering the ME energy for a ubi symmetry, given by:
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+ 2B2 (αxαyǫxy + αyαzǫyz + αzαxǫzx) (14)First term on Eq. 14 is equal to zero, while for a shear strain along the[111℄ diretion ǫxy = ǫyz = ǫzx = ǫ0. Then, the ME ontribution to magnetianisotropy energy an be written as:
emel = 2B2ǫ0 (αxαy + αyαz + αzαx) (15)
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Figure 47: Cartesian oordinate axes and (1̄1̄0) plane (φ = 45 degrees). With thiseletion the shear strain is applied along the [111] diretionFor the (110) b �lm, M lays the �lm plane, and the angular dependeneof emel an be obtained projeting emel to the �lm plane (1̄1̄0) where M formsan angle θ with the [001℄ diretion, see Fig. 47. Thus, the diretion osines ofM are obtained by �xing φ = 45o:
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αz = cos θThen, emel an be expressed as:
emel = 2Bǫ,2ǫ0
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√
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) (17)Figure 48 displays the angular dependene of emel/2B2ǫ0, with B2ǫ0 posi-tive, showing a lear uniaxial harater. The minima are found at θ ≈ −57.5oand 122.5o, values that orrespond to the [112̄] diretions, i.e., perpendiularto the invariant [111] axis, along whih the distortions happen.We now ompare 2Bǫ,2ǫ0 with K1. For iron K1 = 5.2× 10 4J/m3, Bǫ,2= 7.6
×106J/m3 [25℄, therefore for values of ǫ0 < 0.01 a spin reorientation ould be
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Figure 48: Normalized angular dependene of emel. An uniaxial harater is shownwith minima every 180 degrees.expeted sine the emel an overome emc for strains larger than 1%, a value,onsidering the mis�t between Fe and Cu of 0.027, reasonable for this system.So, the fourfold symmetry observed is due to the orientation of the bdomains with respet to the ubi struture and the strain indued on the ironrystallites.
ConlusionThe existene of a magneti strip at tFe between ≈ 1.6 and 2.3 ML ould beexplained due to small variations of the strutural properties of the Fe �lmsprepared in this work.A magnetoelasti model was proposed to explain the fourfold symmetryobserved at Fe thikness around 15 ML. At that thikness the rystallographistruture orresponds with four types of elongated b(110) domains with re-spet to the ubi struture.
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IV. Strutural and Magneti Properties of Fe/Cu/Ni Films 69
IntrodutionThe study of ultrathin �lms on single-rystal substrates has ontributed greatlytowards the understanding of surfae and interfae magnetism. By properlyhoosing the substrate, �lm thikness, and growth onditions, di�erent rys-talline phases of a magneti material an be formed [1, 2℄. These systems area very attrative �eld beause of the strong orrelation between small hangesin the epitaxial �lm struture and magneti properties [3℄.The metastable f strutures of Fe have been studied on di�erent sub-strates. In partiular, two ferromagneti substrates with similar lattie pa-rameters, f Co(001) and Ni(001) have been used. The interest is based oninvestigate how the magneti moment of the substrates may in�uene the mag-neti moment of the �lm. By using LEED idential surfae unit ells of thethree substrates were seen. Thus, it was found that the regions of di�erentmagneti behavior of Fe for growth on Co or Ni nearly oinide with the re-gions of di�erent rystal struture for Fe growth on Cu. This is strong evidenethat Fe has the same growth mode on Cu(001), Co(001), and Ni(001) [1, 4℄.While Fe �lms on Cu(001) are strethed in-plane sine the Cu lattie pa-rameter (aCu = 3.62 Å) is larger than that of f Fe (afcc−Fe = 3.59 Å), Fe �lmson Ni(001)(aNi = 3.52 Å) are ompressed in-plane, and therefore the detailsof the atomi struture and magneti behavior are expeted to be di�erent inthe two systems [3℄. The surfae anisotropy favors the perpendiular magne-tization in Fe/Cu(001) �lms for thiknesses less than 2 nm [5℄. On the otherhand, Ni �lms with thiknesses between 2 and 12 nm have out-of- plane mag-netization whih arise from the fae-entered-tetragonal (ft) distorted rystalstruture of Ni on Cu(001). The ombination of both Fe and Ni makes the ou-pled system an interesting ase to study the relation between the struture,magnetism, and oupling phenomena of Fe/Ni bilayers on Cu(001) [6℄. Atpresent a few investigations have been done in this system regarding to stru-tural and magneti properties using experimental tehniques suh as: spin-polarized low-energy eletron mirosopy (SPLEEM) [6℄, magneto-opti Kerre�et(MOKE) [7℄, low energy eletron di�ration (LEED) [3, 7℄, primary-beamdi�ration modulated eletron emission (PDMEE) [3, 4℄, photoemission ele-tron mirosopy (PEEM) [8, 9℄, x-ray magneti irular dihroism (XMCD) [1℄.As far as the magnetism onerns, most of the studies have been done at the
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(a) (b)

(c) (d)

(e) (f)Figure 49: RHEED patterns: for the Cu bu�er layer along the (a)[100℄ and (b)[110℄diretions, for the Ni layer along the () [100℄ and (d) [110℄ diretions, and for the Cuapping layer along the (e) [100℄ and (f) [110℄ diretions.
�rst spin-reorientation transition (SRT) of the Ni system, i.e., around Ni thik-nesses of 2 nm in ombination with Fe layer thiknesses less than 2 nm. To thebest of our knowledge, however, no investigation on the e�et of Fe layers ontop of the Cu/Ni/Cu/Si system for Ni layers thiknesses near the seond SRTourring at about 12 nm has been done so far.In the present hapter, the strutural and magneti properties of Cu(5 nm)/ Fe(tFe) / Cu(5 nm) / Ni(10 nm) / Cu(100 nm) / Si(001) multilayers with tFe= 1, 2 and 4 nm are presented. The growth was ontrolled in situ using re�ex-ion high energy eletron di�ration (RHEED) and the strutural properties exsitu by x-ray re�etivity (XRR), x-ray di�ration (XRD) and high resolutiontransmission eletron mirosopy (HRTEM). On the other hand, the magnetiproperties were measured by vibrating sample magnetometry (VSM), super-onduting quantum interferene devie magnetometry (SQUID) and magnetifore mirosopy (MFM).
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Growth and in-situ haraterizationCu(5 nm)/tFe/Cu(5 nm)/Ni(10 nm)/Cu(100 nm) multilayers were grown byeletron-beam evaporation and using a high temperature Knudsen ell onSi(100) substrates at room temperature in ultra high vauum following a simi-lar proedure as the desribed in hapter 1. The Fe layer thikness, tFe, rangedfrom 1 to 4 nm. The rates of evaporation were ontrolled by using a quartzrystal monitor and a �ux monitor, for the eletron beam evaporator and thee�usion ell, respetively. Thus, the rates were 0.02 nm/s for nikel and op-per, and 0.008 nm/s for the iron layer (e-ell). The pressure during depositionwas not higher than 1×10−8 Torr. At the same time as the growth the sam-ples were rotating 360o at a onstant veloity for, on one hand, to get a highhomogeneity over the whole surfae, and on the other hand, in order to studythe full azimuthal dependene of the RHEED patterns.
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Figure 50: RHEED patterns taken for an iron layer with tFe = 2 nm along theangles and in between 45 to 0 degrees that orrespond with the Cu [100℄ and Cu [110℄azimuth diretions, respetively.Figure 49 shows the RHEED patterns taken at the [100℄ and [110℄ azimuth



72 Growth and in-situ haraterization

0 50 100 150 200 250 300

In
te

n
s

it
y

(a
rb

.
u

n
it

s
)

X (pixeles)

X= 2p/a
Cu[100]

tFe=0,16nm

tFe=1nm

[100]

(a)

(b)

(c)

Figure 51: RHEED patterns taken for (a) tFe = 0.16 nm and (b) tFe= 1 nm. Pro�leson (a) and (b) are shown in (). The distane between two peaks is 2π/aCu[100].diretions for opper bu�er layer, the Ni �lm and the 5 nm thik Cu layer priorto the growth of the iron layer.Figure 50 shows RHEED images taken along the [100℄ and [110℄ opperazimuth diretions and, in between, at di�erent angles for an iron �lm of 2 nmof thikness. Note that we have hosen the Cu[110℄ azimuth diretion at 0degrees. In omparison with the images in Fig. 49, the growth of an ironlayer on top of the Cu/Ni/Cu system lead to unusual RHEED patterns. Therelevant features in Fig. 50 are revealed from 30 to 45 degrees, where additionalstreaks appear indiating a di�erent mathing between the Fe and Cu/Ni/Curystal latties. Notie that the streak at 30 degrees (marked with an arrow) ishanging its position turning to the left on the pattern as the angle is inreasingfrom 0 to 45 degrees. At 45 degrees the pattern displays a splitting of the mainstreaks suggesting that the mis�t of the Fe lattie is present prinipally in theCu [100℄ azimuth diretion.In order to study in detail the Fe growth proesses dependent on the thik-ness, in steps of 0.16 nm during the preparation of a �lm with tFe = 4 nm,the evaporation was stopped and the whole angular variation of the RHEEDpattern was reorded. Thus, the initial growth orresponds with a well or-dered f surfae with RHEED patterns that remain with the same strutureand symmetries that the underlying Cu and Ni layers [see Fig. 51 (a)℄ be-ing the ratio between the distanes determined from the images that san the[100℄ and [110℄ diretions ≈ 1.41, a value that indiates the observation of asquare Bravais lattie. Then, at about tFe = 1 nm, broad and di�use streaksshow up along the Cu[100℄ diretion as it is shown in Fig. 51 (b). Here, weobserve a variation of the in-plane lattie parameter on the [100℄ diretion in
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35o 40o 45oFigure 52: RHEED patterns dependent on the surfae angle for a struture with
tFe = 2 nm. 0 degrees orresponds with the Cu [110℄ azimuth diretion.whih aFe is bigger than at the �rst steps of the growth (less than 0.8 nm),this an be seen by omparing the pro�les taken on the last patterns as inFig. 51 (). Subsequently, the system keeps the same struture up to tFe =1.44 nm. For larger values of tFe the images beome more omplex suggestingthe onset of the f to b phase transformation. As desribed, in Fig. 52 theRHEED images for tFe= 2 nm in a omplete angular dependene are shown.A fourfold symmetry of the rystal surfae is observed with patterns that arereproduible eah 90 degrees. By omparing these images with those showed inFig. 50 for a �lm with an equivalent thikness but di�erent time of growth, thepresene of wide spots in the �rst one are indiating a surfae rougher thanthat grown ontinuously, probably as a onsequene of the stopping of theevaporation beam. In theory, the RHEED patterns onsist of points resultingfrom the intersetion of the Ewald sphere with the rods of the 2D reiproallattie. Due to the imperfetion of the RHEED apparatus-angular and energyspread of the primary eletron beam, and of the terraes of �nite length, theRHEED patterns exhibit straight lines. Consequently, the better the qualitiesof the apparatus and the surfae are, the shorter the length of the straightline on the RHEED patterns. Therefore, by omparing the images presented
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[110] [100]Figure 54: RHEED patterns of an iron �lm with 4 nm of thikness. The images weretaken along the (a) Cu[110℄ and (b) Cu[100℄ azimuth.rystals math perfetly on the interfae [10℄. Therefore, not variation is notedalong the Cu[110℄ azimuth diretion and thus, we an onlude this is theinvariant-line diretion.After the Fe growth the sample was overed with 5 nm of Cu in order toprotet it from the oxidation. The RHEED patterns at this step orrespondwith remanent rough surfae that mainly follows the Fe surfae lattie.
Ex-situ haraterizationStrutural propertiesX-ray re�etivity (XRR) and X-ray di�ration experiments were arried outby using a HRXRD Bruker D8 Advane with the Kα radiation of the Cu (λ= 1.54056 Å). The XRR patterns were simulated with LEPTOS program sothat the thiknesses and the roughness of the �lms were obtained.X-ray re�etivity measurements were done immediately after removing thesamples from high vauum, in order to determine the Fe layer thiknesses asit is shown in Fig. 55. For omparison, the re�etivity pattern for a Cu(5 nm)/ Ni(10 nm) / Cu(100 nm) multilayer and the �t performed are presented inFig. 55(a). In this ase, the amplitude of the osillations is redued at 2 degrees,indiating an inrease of the roughness at the interfaes. The thiknesses forthe simulation are well orrelated with the thiknesses expeted. In Fig. 55(b) a small variation in the periodiity of the osillations is observed between

≈ 1.6 and 2.4 degrees due to the presene of a thinner iron layer. In Figs. 55() and (d) two osillation frequenies are revealed as a result of the inreasing
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Figure 55: Experimental and simulated x-ray re�etivity spetra ofCu/tFe/Cu/Ni/Cu multilayers with tFe ranging from 0 to 4 nm.Fe thikness, giving rise to a bilayer behavior, i.e., the Fe and Ni/Cu layers.These osillation frequenies are not observed in Ni/Cu layer due to the smalldi�erene of their eletroni densities. At tFe = 2 nm, the osillations areextended up to ≈ 3.5, degrees showing that the roughness at the surfae isredued. This result on�rms the RHEED di�ration patterns, where longstrutural oherene on the surfae is shown. Also, there is a good adjustmentof the osillations between the experiment and the �t. Nevertheless, at 2.5degrees the urve was not well followed by the simulation probably due tothe presene of additional strutural domains on the surfae that were notintrodue in the �tting program. When the thikness is inreased at tFe =

4 nm, the bilayer osillations are better de�ned and the roughness is higher thanat tFe = 2 nm, here the presene of additional rystal strutures is lear. Ingeneral, the re�etivity observations are in agreement with the results reportedfrom RHEED.Symmetrial θ - 2θ x-ray sans as a funtion of the Fe thiknesses are shown
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Figure 56: X-ray di�ration sans as a funtion of the Fe layer thikness for aCu/Fe/Cu/Ni/Cu struture. For omparison the di�ration pattern for a samplewithout Fe is presented.in Fig. 56. The presene of the 200 re�etion from the Ni �lm near the [200℄Bragg peak from the Cu bu�er layer on�rms its epitaxial growth. Thus, theout-of-the plane lattie parameter is aNi = 3.48 Åand orresponds with a strain
ǫ⊥= -1.136%. The Fe peak is observed at tFe= 2 and 4 nm. Notie that the2θ position of the peak is hanging with the thikness, thus as tFe inreases thelattie parameter is going towards the bulk Fe b (110) value (aFe−bcc[110] =

4.058 ). From the XRD patterns, at tFe = 2 nm, aFe,⊥ = 3.9446 giving astrain value of ǫ⊥ = −2.81%, and at tFe = 4 nm, aFe,⊥ = 4.018 giving astrain value of ǫ⊥ = −0.98%, with respet aFe−bulk. These results show thatat tFe = 2 nm the lattie is expanded in-plane to adapt itself to the Cu/Ni/Custruture and as a result the perpendiular parameter is ompressed, revelingthat the Fe lattie is an intermediate region between a f and a b struture.While at tFe= 4 nm the rystal struture is governed by the b(110) lattie,at tFe = 1 nm, we note the lak of an iron peak indiating that for thisthiknesses the f(100) lattie grows epitaxially on the Cu/Ni/Cu strutureand its ontribution to the di�ration pattern an be overlapped by the Cu(200)peak.In order to omplement the di�ration tehniques that average the volumeof the sample, a nanostrutural haraterization of a Cu(100 nm) / Ni(10 nm)/Cu(5 nm) / Fe(2 nm) / Cu(5 nm) struture has been arried out by means
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Figure 57: HRTEM images of a Cu(100 nm)/Ni(10 nm)/Cu(5 nm)/Fe(2nm)/Cu(5 nm) multilayer. (a) Low magni�ation ross-setional image of the fullsystem and its orresponding FFT pattern. (b) FFT patterns for di�erent regionson the multilayer as an be identify by the numbers. () High resolution image fora Fe(200)‖Cu(200) area. (e) High resolution image for a Fe(110)‖Cu(200) area. (d)and (f) FFT patterns for the regions shown in () and (d), respetively.of High Resolution Transmission Eletron Mirosopy (HRTEM) using a FEI-Titan Cube mirosope equipped with a CETCOR Cs- objetive orretorand operated at 300 kV (point to point resolution of 0.08 nm). The FastFourier Transform (FFT) images were obtained by means Digital Mirographsoftware. Figure 57 (a) shows a low magni�ation ross- setional image of theCu/Fe/Cu/Ni/Cu region of the struture. The inset shows the FFT of the fullimage with di�ration spots that orrespond with the {200} and {110} familyof planes of the epitaxial f Cu/Ni/Cu struture. The inident eletron beamis along the Cu[200℄ diretion. FFT images were made on di�erent regions onthe multilayer as it is presented in Fig. 57 (b). Note that the numbers areindiating a zone and its orresponding FFT pattern. The di�ration images



Magneti Properties 79on the opper and nikel layers reveal a square (200) zone axis. Along theFe layer the presene of areas with di�erent features is observed. In Figs. 57() and (d) high-magni�ation ross-setional images on these areas are shownwith the respetive FFT patterns in Figs. 57(e) and (f). In Fig. 57 () the Featomi planes follow the Cu ones and the interfae between the Fe and Cu overlayer is not seen, meaning a high quality mathing of the interfaes. In Fig. 57(e) the Fe atomi planes are rotated 45 degrees with respet to the Cu seedlayer, and then, the Cu planes reover the original orientation. In addition,well de�ned interfaes are observed. A di�ration pattern orresponding witha f (200) struture is observed in Fig. 57 (d), where elongated and doublespots indiate that the Fe lattie is expanded along the growth diretion. Onthe other hand, the analysis of the FFT pattern in Fig. 57 (f) on�rms theoexistene of f with b rystallites of the family of planes {200} and {110},respetively.The observation of this struture supports the presene of f and brystallites for iron showing that both strutures happen simultaneously ona Cu/Ni/Cu struture. Therefore, the high-magni�ation images resolve thatthe Fe grows as b(110)‖Cu(200) and f(200)‖Cu(200) grains. The b grainsnuleate through the omplete iron thikness up to the opper substrate layer,although for thinner �lms the iron grows forming a single f phase. The resultis a growth mode in whih a self-assembled double epitaxial struture is formedby the nuleation of b (110) grains in strained epitaxial (100) f bloks.
Magneti PropertiesFigure 58 displays the hysteresis loops with the magneti �eld H applied par-allel and perpendiular to the �lm plane for di�erent Fe thiknesses. In Fig.58(a) the magnetization urves for a sample with and without Fe (Ni �lm) areompared. The 10 nm thik nikel �lm exhibits out of plane magnetization,being the remanent magnetization Mr ≈ 0.9 Ms. The addition of iron reduesthe remanene of the out of the plane loop so that for: tFe= 1 nm, Mr ≈ 0.80

Ms; tFe= 2 nm, Mr ≈ 0.22Ms; and �nally, for tFe = 4 nm, Mr ≈ 0.3Ms, whilethe saturation magnetization is inreasing in suh a way that for tFe = 1 nm,
Ms=0.14 memu; for tFe = 2 nm, Ms = 0.22 memu; and for tFe = 4 nm,
Ms = 0.33 memu; this dependene with the Fe thikness is shown in Fig. 59.Note that the easy axis of magnetization hanges to be in the �lm plane, thisis in agreement with the strong e�et of the dipolar anisotropy of the Fe layer.
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tFe ( nm) Mr/Ms Ms(memu) H (Oe) d ( nm)0 0.9 0.14 240 6001 0.8 0.14 240 4002 0.2 0.22 209 2604 0.3 0.33 179 180Table 3: Summary of magneti parameters of Cu/Fe/Cu/Ni/Cu//Si(100) multilay-ers.experimental values are shown in Table 3. Another observation is that in-planemagneti measurements as a funtion of the angle show the lak of an in-planeanisotropy.Figure 67 shows MFM images taken on the �lms without iron, Fig. 67(a), and with tFe = 1 Fig. 67(b), 2 Fig. 67() and 4 nm Fig. 67(d). Thedomain pattern for the nikel �lm indiates that the magnetization is held toa perpendiular diretion in agreement with the magnetometry measurements.The ontrast appears due to magnetization pointing into and out of the plane.The domain size, d, of the nikel �lm is alulated by averaging several domainsand it is found to be about 600 nm, a value similar to that found in a previouswork [12℄.The samples with tFe = 1, 2 and 4 nm also show a domain struturewith perpendiular orientation in whih there are some areas with intermediateontrast. These �nding an be explained if there are small regions with e�etive
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Figure 60: In-plane and Out-of-plane magnetization loops for a Cu (5 nm)/Fe(2 nm)/Cu (5 nm)/Ni (10 nm)/Cu (100 nm) struture. The measurements wereperformed at 10 K using a SQUID magnetometer.in- plane magnetization, thus, the magneti anisotropy in one of the �lmsould favor the parallel magnetization. In addition, the MFM images reveal adereasing of the average domain size as tFe inreases, with d about 400 nmfor the struture with tFe= 1 nm, 260 nm for tFe = 2 nm and 180 for tFe=4 nm. Therefore, the domain pattern suggests �rst, that the iron �lm induesa derement of the magnetostati energy of the Fe/Cu/Ni struture and, asa result, more domain walls an be inluded in the nikel �lm and, seondly,that the iron layer adapts itself to the nikel magneti orientation.The magnetostati oupling expression has been formulated for multilay-ers with perpendiular anisotropy and oupled stripe domain strutures withdomain walls alignment along the bloks [13, 14℄, and for �lms with antiferro-magneti oupling that an indue the oexistene of areas with parallel andantiparallel alignment of the magnetization [15℄. In those works, the magnetibloks have the same thikness and their separation is onstant. In this work,the total magnetostati energy density for multilayers with bloks of di�er-ent materials and thiknesses is presented. So, the total magnetostati energydensity of the system, EM , an be written as:
EM = EM,0 +EM,i +Ew (18)

EM,0 is the magnetostati intralayer energy due to the energy per unitvolume per �lm due to the self-interation of eah magneti layer.
EM,0 =

16M2
Nid

π2tNi

∑

n=1,3,5,...

1

n3
(1− exp(−kntNi)) (19)
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Figure 61: MFM images taken on Cu(5 nm)/tFe/Cu(5 nm)/Ni(10 nm)/Cu(100 nm)multilayers for: (a) tFe= 0, (b) tFe= 1 nm, () tFe= 2 nm and (d) tFe= 4 nm. In(a-) the areas of the images are 5×5 µm2 and, in (d), 3×3 µm2.
EM,i, is the magnetostati interlayer whih is due to the interation betweenthe layers.
EM,i = −8MNiMFed

π2tNi

∑

n=1,3,5,...

1

n3
exp(−kntCu)[(1− exp(−kntNi))

× (1− exp(−kntFe))] (20)where Ew= σ
d is the domain wall energy, d is the domain size, tNi and tFeare the thiknesses of the Ni and Fe �lms, respetively, MNi and MFe are thesaturation magnetization for Ni and Fe, respetively, kn= πn/d and σ is thedomain wall energy per unit area.This orretion introdues a redution of the magnetostati energy in the�lm assoiated to the fator kntCu. For kntCu small (d larger than tCu) thevalue of exp(−kntCu) is lose to one, but if kntCu is larger (d smaller than tCu),

exp(−kntCu) tends to zero and the system behaves as a bunh of independent�lms. Thus, if the rest of physial parameters that ontrol the domain wallremain onstant, results in the redution of the domain size [16, 17℄ by inreas-ing the number of magneti bloks, suggests the possibility of inreasing thenumber of domain walls present in the �lm and therefore reate media withhigher density.To quantify the e�et of Fe layer on the total magnetostati energy of theCu/Fe/Cu/Ni/Cu system, we have plotted EM as a funtion of the domain sizeas it is shown in Fig. 62. The mimima of the magnetostati energy are morepronouned and appear at smaller d values as the Fe thikness inreases, andas a result smaller magneti domains are reated. The domain sizes alulatedare in exellent agreement with the values measured by MFM.
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Figure 62: Plot of the total magnetostati energy for di�erent values of the Fe layerthiknesses as a funtion of the domain size.
Disussion

The hanges in the hysteresis loops for the Fe/Cu/Ni struture are somewhatunusual. The evident e�ets of the Fe layer on the hysteresis loops have shownthat, in the whole range studied in this work, the Fe is ferromagneti at roomtemperature, meaning that the Curie temperature of these Fe �lms is inreasedby the presene of the Ni layer. From a Fe thikness of 2 nm the easy axisof the magnetization now lies within the surfae plane, although the out-the-plane hysteresis loop remains without strong hanges revealing on this way thatthe magnetoelasti anisotropy that governs the Ni layer is still strong. Thus,the Fe layer probably a�ets the in-plane omponents of the domain walls inthe Ni layer, pinning their movement in the perpendiular diretion. On theother hand, the redution of the oerive �eld means that the Fe apping layerredues the amount of work required to �ip the spins of the Ni layer. Thisould be due to di�erenes in anisotropy energy in Fe and Ni layers.



Conlusions 85ConlusionsRHEED, XRR, XRD and HRTEM experimental results have shown that theFe growing on a Cu/Ni/Cu struture an be divided in three di�erent ases.Firstly, down tFe = 2 nm where a Fe f(200) ‖ Cu/Ni/Cu f(200) epitaxialrelationship was observed. Seondly, in between tFe = 2 and 3 nm where theoexistene between Fe f(200) and b(100) grains ‖Cu/Ni/Cu f(200) wasdemonstrated. Finally, for tFe = 4 nm or tiker, in whih ase the b strutureis the dominant one aording to the XRD patterns.The e�et of the Fe thiknesses on the perpendiular anisotropy of a Cu /Ni(10 nm) / Cu was studied. We found that the strong magnetostati energyof the iron layer is unable to overlap the perpendiular anisotropy of the Nilayer due to the fat that the remanene magnetization does not hange sig-ni�antly. Nevertheless, as tFe inreases the in-plane magnetization is favored.In the same way, perpendiular domains were shown with a redution of thedomain size that is explained beause of the e�et of the Fe layer on the totalmagnetostati energy.
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Chapter VTransverse Magnetizationin Ni rings





V. Transverse Magnetization in Ni rings 91
IntrodutionThe strain state in a nanostrutured material has beome a �ne tuning param-eter to ontrol physial properties as the exiton spetra in semiondutor ZnOmirowires [1℄, the polarization in ferroeletri materials [2℄, the ritial tem-perature in superondutors [3℄ or the order temperature in magneti �lms [4℄.Another fundamental property ontrolled by the strain state is the magnetianisotropy through the inverse magnetoelasti (ME) e�et: the strain state inthe �lm is oupled to the magneti lattie and the ME stress oe�ients re-�et the strength of the spin-orbit oupling. Strain dependene of the magnetianisotropy energy has been observed in nikel �lms grown on opper [5�9℄, andother 3d metal �lms (Co/Au [10℄), and alloys (like Ni90Fe10 [11℄) as well asrare earth superlatties [12℄.For materials with low magnetization values, whih give rise to �lms withlow magnetostati energy, and ubi rystal struture that results in a feeblemagnetorystalline anisotropy, the ontribution of the ME density energy eMEan be partiularly important if the residual strain omponents are 1% andthe ME oupling oe�ient is, at least, in the range of MPa. This senariois found for Ni grown epitaxially on the (001) diretion on top of Cu witha tetragonal distortion of the ubi lattie: the in-plane strain is isotropi(εxx=εyy= ε‖) and the out of the plain strain proportional to the in-planevalues: (εzz=ε⊥ = −(2c12/c11)ε‖), and all of them are around 1% for Ni �lmsas thik as 10 nm [13℄. The total anisotropy energy inludes the ME term

eME = −B1(ǫ‖ − ǫ⊥)cos
2θ with B1 being a bulk ME oe�ient and Ms thesaturation magnetization, with θ the angle between the �lm normal ([001℄(rystallographi diretion) and the magnetization vetor.A further step is the ontrol of the magneti anisotropy and domain on�g-urations in magneti elements with submiron lateral dimensions, as that is thesale for atual spintroni devies. Planar nanowires and nanorings have beeninvestigated beause of their potential use in domain-wall devies proposed fordata storage [14℄ and logi appliations [15℄. Most reported work has been fo-used on elements with polyrystalline rystal struture, whose properties aredominated by shape anisotropy. The stable domain on�gurations are 180otransverse or vortex-like domain walls (DW) depending on the element dimen-sion [16℄. The ring geometry presents two di�erent stable states, usually alled
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Figure 63: Shemati representation of the patterning of Cu/Ni/Cu/Si �lms by asubtrative proess using eletron beam lithography and lift-o� tehniques.
vortex and onion states, whih an be easily reahed by applying a magneti�eld in the �lm plane [17℄. However, materials with di�erent domain states andDW geometries ould o�er advantages in spintroni appliations, as is the aseof metalli planar NWs with perpendiular magneti anisotropy whih exhibitenhaned spin-torque e�ieny and higher thermal stability ompared to thoseof NWs with in-plane anisotropy [18, 19℄. Therefore, developing methods fortuning the magneti anisotropy in nanomagnets may o�er new opportunitiesfor spintroni devies.In this hapter we report the fabriation and observation of magneti do-main on�gurations that defy the magnetostati anisotropy in magneti nanor-ings made in epitaxial Cu/Ni/Cu �lms with a nikel �lm thikness in the rangewhere the e�etive perpendiular anisotropy oe�ient is ≈ 0 and magnetion�gurations assoiated with in-plane magneti anisotropies are expeted.These rings were fabriated by subtrative proessing of epitaxial Cu/Ni/Cu�lm using via eletron beam lithography ombined with ion beam ething usinga metalli hard mask.



Eletron beam lithography 93
Eletron beam lithographyBeause the the elimination of the native oxide would damage a mask prepareddiretly on the substrate, patterned ring strutures have to be fabriated by asubtrative proess. The proedure used in this thesis inludes eletron beam(e-beam) lithography, e-beam evaporation of a hard mask, lift-o� tehniquesand ion beam ething. A shemati representation of the patterned proess isshown in Fig. 63. The Cu/Ni/Cu thin �lms were oated with a double layer,120 and 270 nm, of polymethylmetharylate (PMMA) resin with moleularweights, 50 kg/mol and 950 kg/mol respetively, baked separately for 10 min-utes at 120oC. Exposures were performed at 10 kV aelerating voltage usinga beam urrent of ≈ 80 pA suh that the delivered dose was 99 µC/cm2. Theexposed sample was developed with AR 600-56 developer for 30 s with a softagitation followed by a quenh in isopropyl alohol for 30 seonds, both stepsat room temperature. Figure 64(a) shows a SEM piture of a ring at this pointin the proess.

1 m 1 m 

(a) (b) 

Figure 64: Sanning eletron mirosopy taken on a ring after (a)the lift-of and (b)ion beam ething steps.After the development, in order to improve the sharpness of the rings andto protet the Ni layer during the ion beam ething step, a Cr(5nm)/Al(14nm)hard mask was evaporated. The bottom Cr blok favors adhesion for the highsputtering yield layer of Al. Ion beam ething using Ar ions removes the Nilayer outside the hard mask. The Ar pressure was 4 × 10−4 mbar and the



94 Eletron beam lithographymilling rate about 10 nm/min. Proessing the sample for 2 minutes produesstrutures like the ring shown in Fig. 64(b).

Figure 65: (a) Reiproal spae map in the viinity of the symmetrial nikel andopper (002) re�etion. (b) Hysteresis loops with H perpendiular to the the planeand in-plane for the Cu/Ni/Cu �lm.The seleted nikel �lm thikness is in the range where the net magnetianisotropy undergoes reorientation and the easy diretion for the magnetiza-tion is moving from out of the plane to the in-plane diretions as tNi inreases.In this range of thiknesses the ME stress ontribution is ompensated by themagnetostati term. For the Ni �lm studied here the ε⊥ is about 0.96% asan be alulated from the reiproal spae map taken around the (200) re�e-tion, see Fig. 65(a). Therefore B1(ǫ‖ − ǫ⊥) ≈ 0.12 MJ/m3 while (1/2)µ0M
2 ≈0.14 MJ/m3. This fat is also observed in the minor di�erenes between thein-plane and out of the plane M-H loops measured by Vibrating Sample Mag-
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a) b) c)

Figure 66: Magneti fore mirosopy images of the unpatterned �lm. Size windowis (a) 10 µm x 10 µm, (b) 5 µm x 5 µm and () 1.3 µm x 1.3 µmnetometry (VSM) see Fig. 65(b). The domain struture (see Fig. 66), measuredby means of Magneti Fore Mirosopy (MFM), shows domains with typiallateral dimension of ≈ 200 nm in aordane with previous works [20℄.
Magneti Fore MirosopyThe magneti domain struture was measured by mean of Magneti ForeMirosopy using the tapping tehnique. Low moment magneti tips were usedto obtain the images shown in this hapter either at zero �eld after applyingmagneti �eld in the �lm plane or with H applied in the plane diameter of 3

µm and line width of 250 nm.Remanent stateFigure 67 taken at zero �eld after applying magneti �eld in the �lm plane ona ring with an outer diameter of 3 µm and line width of 250 nm. This imageondenses similar images observed for rings with the same diameter and linewidths from 100 nm to 400 nm fabriated on �lms with thikness between 10and 15 nm. Two main features are observed: �rst, that the magneti ontrastextends over distanes exeeding the ring dimensions and, seondly, that alongthe radial diretion it osillates between two extreme values at positions aroundthe edges of the ring and passes through zero at approximately the ring meanradius. This stay �eld is ompatible with a transverse struture with themagnetization pointing along radial diretion. A simple model supports thequalitative analysis of the MFM images: Fig 68 shows the alulation of thestrength of the z omponent of the fringing �eld perpendiular to the plane
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(a) (b) 

Figure 67: (a)Atomi fore mirosopy and (b) magneti fore mirosopy imagestaken on a 3 µm diameter ring and line width of 250 nm.
Hz as funtion of y, the distane from the enter of a in�nite planar nanowirewith uniform magnetization transverse to the wire axis [21℄ ompared with
Hz for the same wire with two domains with perpendiular, uniform M andnegligible domain wall thikness. For both ases the stray �eld is zero at theenter of the nanowire although the extreme values are loated loser to theedges for the wire with M in the plane than for the wire with perpendiulardomains. For the latter ase, it is also noted that Hz ≈ 0 away of the wirearea while Hz dereases more slowly if M is in the plane as is observed in theMFM image.Diameter and line width dependenies of the MFM imagesFigure 69 shows AFM and MFM images for rings with D = 3 µm and Wranging from 1.3 µm to 250 nm. The images were taken after applying magneti�eld perpendiularly to the sample. Rings with W = 1.3 µm and 1.2 µm[Fig. 69(a) and (b)℄ show, in the body of the ring a domain struture similar tothat observed on the unpatterned �lm. A thin region at the outer edge of thering show a domain struture that alternates dark and bright ontrast. Thelast feature is enhaned as the W dereases and also appears at the inner edgering for W = 1 µm, 800 nm and 550 nm [Figs. 69(),(d) and (e)℄. For W =430 nm, see Fig. 69(f), the ontrast of the inner edge is orrelated with theontrast at the external edge in suh a way that bright and dark areas appearat opposite sides of the ring. For W = 280 nm and 250 nm [Figs. 69(g) and(h)℄ the di�erent domain struture in the body of the ring disappear and thesignal osillates between bright and dark ontrast along the radial diretion.These features indiates that the ring magneti on�guration minimizes themagnetostati energy by oupling the edge magnetization and alternating thesing of M at the edges as happens in domain stripes in thin �lms.
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Figure 68: Vertial omponent Hz of the stray �eld at z = 225 nm as a funtion ofthe distane y transverse to the axis of an in�nite retangular wire with (a) uniformmagnetization on�ned in the plane perpendiular to the wire axis and with twodomains with M perpendiular to the plane. The wire is 500 nm wide and 10 nmthik.A more detailed evolution of the domain struture in the ring width rangewhere the inner domain struture disappear W < 400 nm is presented in Fig. 70for rings with D = 2 µm. For the wider ring studied W = 460 nm, Fig. 70(a),hanges in the extreme values of the ontrast at the outer radius with a weakermagneti ontrast inside the ring is still observed. Dereasing W, in a seriesof rings with W dereasing in steps of ≈ 50 nm, it an be observed as theontrast due to opposite magneti poles along both the outer and inner ra-dius inreases, beoming also opposite poles orrelated between the edges andwithout magneti struture between of the poles.Magneti Field EvolutionThe dependene of the domain struture with the applied �eld is show in Fig. 71for a ring with W = 200 nm, a value with ontrast due to magneti poles at theedges. The �eld was applied along the Ni[100℄ diretion, the ring was saturatedat negative �eld of -800 Oe and then H was hanging up to positive values ofH. At large �eld (see the image taken 400 Oe) a ontrast hanging from darkto bright along the �eld diretion is observed. As H dereases and hangeits sign the ontinuous domain struture breaks and the radial unidiretionalontrast osillate with φ, see Fig. 71, for H between 110 Oe and 210 Oe. Theimages taken for H = 160 Oe and 195 Oe, show that the domain area with theopposite radial polarities are balaned out suggesting that around the oerive
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Figure 69: MFM images in remanene of Cu/Ni/Cu rings with 3µm external diameter.Di�erent widths are shown: (a) 1300, (b) 1200, () 1000, (d) 800, (e) 550, (f) 430, (g)280 and (h) 250 nm. AFM images are shown for eah ring. A transverse magnetizationomponent is observed in all ases. For wider rings the transverse domains are reveledon the outer radius and as the width is reduing, these domains are present on theinner radius too. As the width is dereasing the transverse magnetization is favoredbeing the strongest omponent for rings with ω ≈ D.�eld where the net ring magnetization is zero there is ertain stability for thatmagneti domain on�guration. For H = 210 Oe, the area orresponding todomains with the same polarity that H inreases and at 400 Oe extend overthe whole ring. We note that the polarity of the ontrast of the ring hangesfrom bright-dark to dark-bright hanging the �eld polarity, suggesting the tipmagnetization is perpendiular to H and has an magneti anisotropy valuelarge enough to avoid a demagnetization of the M tip. Dereasing the �eldthere a enhaned ontrast along a <110> diretions, for the images taken at H= -50 Oe and 0 Oe the [100℄, with a tend to nuleate domains along the [110℄the inversion proess of M.The thikness at whih the internal domain struture vanish is in range
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Figure 70: Topographi and magneti images of Cu/Ni/Cu rings. The sample wasimage in remanene state after saturate with an out-of-the-plane applied magneti�eld. The external diameter is 2 µm and the widths are (a) 460, (b) 380, () 320, (d)270, (e) 210 and (f) 150 nm. Note that in all ases the magneti signal is bigger thanthe topographi one. A transverse magnetization is observed is most of the widths. Inthe wider rings transverse domains are reveled on the outer radius as well as a internaldomain struture that is not well de�ned. On the other hand, when ω is dereasing atransverse magnetization is favored with dark and bright alternating ontrast alongthe ring distributed in suh a way to redue the magnetostati energy.between 400 nm to 300 nm. A value related to the domain width measured forunpatterned �lm. This fat suggest that below a ritial width there is no roomto the oexistene domain walls separating areas with di�erent magnetizationand the magnetization orientation nuleated at the edges is the dominant e�eton the ring. Thus, assuming that the reation of a DW wall requires ≈ 2times the size of the stripe in thin �lms, 2 x 200 nm = 400 nm, rings withW below that value should display, as is observed, a single domain struturealong the radial diretion. We also note that, although the MFM usually is nota quantitative tehnique it is observed by alulation of the stray �eld Hz, seeFig. 72, that a domain struture inluding domains with M perpendiular tothe plane gives rises to a Hz more loated at the magneti area ompared witha on�guration with M in the �lm plane, as is observed omparing magnetiand topographi images.
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Figure 71: Images of the domain struture during the magnetization proess in ringwith D=3 µm and W = 200 nm. The �eld was applied along the Cu [001℄ in planediretion and the images were taken after saturation.
Analysis

To eluidate the orientation of M we onsider the energy ontributions thatplay a role in the energy balane between the states with M lying along theradius or irumferentially. We analyze the magnetoelasti, the magnetostatiand the magnetorystalline ontributions to the total density energy as a fun-tion of the azimuthal angle φ and alulated the di�erene in energy betweenthe state with M tangential to the ring minus the state with M along theradial diretion ∆eanis(φ). The ring would exhibit magnetization along theradial diretion if ∆eanis(φ) <0.
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Figure 72: Stray �eld alulated for a segment formed by di�erent ombinations ofin-plane and perpendiular domains that generate a �eld with qualitatively the sameshape.Magnetoelasti EnergyPrevious works [22, 23℄ suggest the important role of the ME energy in de-termining the magneti on�guration in nanowires beause of the presene ofresidual strain in the wires. We note that for Cu/Ni/Cu nanowires the signof the anisotropi strain relaxation in ombination with the sign of the MEstress oe�ients favor a transverse ME anisotropy [22℄. Here we analyze theME ontribution for a ring with a line width of 250 nm assuming an averagedin-plane anisotropi strain value omparable to that measured for an array ofnanowires with similar �lm thikness and wire line width.The general theory for the ME e�ets [24, 25℄ expresses the ME density ofenergy emel of the undistorted rystal as a series of produts of tensor strainomponents and polynomials of the diretion osines of the magnetization re-lated to the oordinate axes. For the Cartesian oordinate system emel an bewritten as:
emel = Bγ,2

[(

α2
z −

1

3

) (

ǫzz −
ǫxx + ǫyy

2

)

+
1

2

(

α2
x − α2

y

)

(ǫxx − ǫyy)

]

+ 2Bǫ,2 (αxαyǫxy + αyαzǫyz + αzαxǫzx) (21)The number of independent �rst-order ME oe�ients is redued to two(Bγ,2 and Bǫ,2 that orrespond to the usual B1 and B2 ME oe�ients [21℄).



102 AnalysisFrom Eq. ( 21) it an be dedued that di�erent lattie deformations produedi�erent magnetization states that are governed by the same ME oe�ient.Thus, for the γ-terms, inside eah square braket strain polynomials propor-tional to α2
z − 1/3 orrespond to a tetragonal distortion (a, a, a)→(c, a′, a′)that indues a hange in the orientation of the perpendiular omponent ofM, while the seond strain terms, whih are multiplied by α2

x − α2
y, desribethe ontribution due to the breaking of the in-plane symmetry (a, a)→(a′, b′).The last ontribution is fundamental in nanowires sine the isotropi in-planestrain is broken by the patterning proess.It is more appropriate to desribe the problem in the ylindrial oordi-nate system beause it re�ets the symmetry of the ring. The strain tensoromponents in the ylindrial referene basis an be obtained by performingthe tensorial transformation for 2nd order tensors: ǫij = aikǫklalj where thesubsripts stand for the tensor oordinates; i,j are assigned to Cartesian om-ponents (x, y, z ) and k,l to the ylindrial system (r, φ, z ). The a's orrespondto the transformation tensor: a11 = a22 = cosφ, a12 = −sinφ, a21 = sinφ,

a33 = 1, a13 = a31 = a23 = a32 = 0, therefore:
ǫxx = ǫrrcos

2φ+ ǫφφsin
2φ− ǫrφsin2φ

ǫyy = ǫrrsin
2φ+ ǫφφcos

2φ+ ǫrφsin2φ

ǫzz = ǫzz

ǫxy = (ǫrr − ǫφφ) sinφcosφ+ ǫrφ
(

cos2φ− cos2φ
)

ǫyz = ǫrzcosφ− ǫφzsinφ

ǫzx = ǫrzsinφ+ ǫφzcosφ (22)
and for the osines of the magnetization:

αx = αrcosφ− αφsinφ

αy = αrsinφ+ αφcosφ

αz = αz (23)
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emel = B1
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} (24)Therefore the di�erene in emel if M is tangent to the ring (αr=0, αφ=1)and aligned along the radius (αr=1, αφ=0) is :
∆emel = −

(

B1cos
22φ+B2sin

22φ
)

(ǫrr − ǫφφ) (25)The magnitude of this ontribution depends on the existene of an inequal-ity between the radial ǫrr and the tangential strain ǫφφ. Notie that we haveassumed that the shear strains are negligible. The presene of a ombination ofthe two ME stresses multiplying the strain polynomial in Eq.( 25) ompliatesthe variation of the sign of this ontribution with φ. This funtion osillatesbetween the values of B1 and B2 every π/2 and, thus, if the sign of the B′sis di�erent, the sign of the ME ontribution to ∆emel would osillate with
φ. For nikel both ME stress oe�ients are positive and the sign of angulardependene of ∆emel does not hange with φ, see Fig. 74.Magnetostati EnergyFor the sake of simpliity we onsider the ase of a uniformly magnetizedring to estimate the magnetostati energy ems beause the alulation of theexpression inluding the dependene of M with φ is extremely ompliatedand the uniform M ase provides a simple analytial expression to alulatean upper limit to ems. That expression is given by ems = DxxµoMs

2/2, where
Dxx is he demagnetization fator for a ring with M along a �xed diretion [16℄:
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Figure 73: Calulation of the redued demagnetization energy for D = 3 µm as afuntion of normalized ring line width.here, Dxx de�nes the demagnetization fator for rings of outer radius Ro andline width ω with tNi ≪ ω, being d = tNi/Ro, 1 − r = ω/Ro = W and, Fand E are omplete ellipti funtions of the �rst and seond kind, respetively.Fig. 73 shows the numerial solution of Eq. ( 26) for rings with R0= 3 µm.Thus, if ω = 250nm, Dxx= 0.036, and ems= 5.4 kJ/m3.There are no magneti poles for a vortex state (αr=0, αφ=1) and themagnetostati energy is zero, therefore ∆ems takes the upper limit value of 5.4kJ/m3.Magnetorystalline EnergyThe magnetorystalline anisotropy for ubi rystals for the lowest order isexpressed as: emc = K1(αx
2αy
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2αz

2 + αz
2αx

2), beoming:
emc = K1
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(αrcosφ− αφsinφ)
2(αrsinφ+ αφcosφ)

2
]

, (27)in ylindrial oordinates, using the Eqs.( 23). From the point of view ofthe magnetorystalline energy, there is a ost of keeping M along the radialdiretion that depends on φ and an be evaluated by putting αr=1, αφ=0 inEq( 27).
∆emc =

1

4
K1

[

1− sin22φ
] (28)Notie that this ost is zero for φ = π/4 and maximum (K1/4) for φ = 0.
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Figure 74: Angular dependene of ∆eanis(φ) for a ring with 3 µm diameter, ω= 250nm width, and ǫ of 0.003. The ∆e(φ)mel, ∆e(φ)mc and ∆e(φ)ms are also shownDisussionThe energy balane ∆eanis(φ) for a ring with ω = 250 nm and an averaged(ǫrr − ǫφφ) of 0.003, a value in the range of the experimental data measuredfor wires with similar width and Ni thikness, is displayed in �g 74, taking
B1 = 6.9 MPa, B2 = 8.9 MPa [26℄ and K1 = −4.5 × 103J/m3. ∆eanis(φ)is negative independently of φ, meaning that the radial orientation of M isfavored over the tangential diretion for the omplete ring. It an be observedthat ∆emel(φ) is the largest ontribution to ∆eanis(φ). The alulations show
∆eanis(φ) is kept at negative values even if (ǫrr − ǫφφ) dereases to values aslow as 0.001. Therefore the radial orientation of M observed in epitaxial ringsan be attributed to the ME ontribution.Finite elements analysisNow we disuss the pro�le of the miromagneti struture of the thiker rings.We note that an anisotropy in the relaxation of the isotropi in plane strain ofNi �lm (≈ 0.75% for the �lm) is required to justify the radial anisotropy term.Also, the observation of a domain struture di�erent inside the ring than at itsedges suggest that (ǫrr − ǫφφ) an hange along the ring. To analyze this fat�nite element analysis is arried out for the estimation of a strain relaxationin the trilayer Cu/Ni/Cu struture for rings with D and W parameters basedon the initial stress of 1.95 GPa for the unpatterned Cu/Ni/Cu struture. Thestress is introdued by setting the Ni layer to a a temperature at whih thethermal expansion of nikel with respet to the opper is equivalent to theexperimental in-plane strain. An example of the stress distribution for a ringwith D = 1 µm and W = 500 nm is shown in Fig. 75. The image shows,
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Figure 75: Snapshot of the �nite element alulation of the σxx for aCu(5)/Ni(14)/Cu(100) trilayer.
for a ring quarter, the stress along the x Cartesian oordinate, therefore itorresponds to the radial stress along the x axis and the tangential stress forthe y axis. From the graph straightforward onlusions are observed: a) σrris more relaxed at the edges of the ring that at the enter; b) the σφφ isquite uniform although there is a slight relaxation a the inner ring area. Asa result, the alulated (ǫrr − ǫφφ) is maximum at the edges and minimum atthe ring enter. This strain dependene an be related to the dependene ofthe domain struture: transverse for edge areas loser to the ring edges andsimilar to the unpattern �lm for the inner area of the ring where, loally thestrain relaxation is smaller and therefore (ǫrr − ǫφφ) ≈ 0 and the tetragonaldistortion [ǫz − (1/2) (ǫrr + ǫφφ)] remains with a value omparable to the �lmvalue.



Conlusions 107ConlusionsThis work shows the relevane of the ME interation in the ontrol of the mag-neti state in nanomagnets. For example, magneti iruits made on epitaxiallayers will inlude nanowires with the axes along di�erent rystallographidiretions, onneted with irular segments. The orientation of the magneti-zation of those elements an be hosen through the eletion of the sign for theME stress oe�ients. Thus, materials with di�erent sign of the B o�er thepossibility of ombining elements with these transverse magneti orientationswith the usual longitudinal orientation of M enabling new on�gurations ofdomain walls to be reated.Epitaxial ring of Cu/Ni/Cu has been fabriated by e-beam and foused ionbeam tehniques is range of thiknesses where the e�etive magneti anisotropyin the unpatterned �lm is ≈ 0. The miromagneti struture show an unusualorientation of the magnetization along the radial diretion of the ring. Thise�et is explained due to the ME anisotropy generated by an anisotropi re-laxation of the epitaxial strain observed in the ontinuous �lm.





Referenes V[1℄ Liao, Zhi-Min and Wu, Han-Chun and Fu, Qiang and Fu, Xuewen and Zhu,Xinli and Xu, Jun and Shvets, Igor V. and Zhang, Zhuhua and Guo, Wanlinand Leprine-Wang, Yamin and Zhao, Qing and Wu, Xiaosong and Yu, a-Peng,Si. Rep. 2, 452 (2012).[2℄ X. Marti, I. Fina, V. Skumryev, C. Ferrater, M. Varela, L. Fabrega, F. Sanhez,and J. Fontuberta, Appl. Phys. Lett. 95, 142903 (2009).[3℄ S. Trommler, R. H¨uhne, K. Iida, P. Pahlke, S. Haindl, L. Shultz, and B.Holzapfel, New J. Phys. 12, 103030 (2010).[4℄ R. S. Beah, J. A. Borhers, A. Matheny, R. W. Erwin, M. B. Salamon, B.Everitt, K. Pettit, J. J. Rhyne, and C. P. Flynn, Phys. Rev. Lett. 70, 3502(1993).[5℄ R. Jungblut, M. T. Johnson, J. aan de Stegge, A. Reinders, and F. J. A. denBroeder, J. Appl. Phys. 75, 6424 (1994).[6℄ B. Shulz and K. Babershke, Phys. Rev. B 50, 13467 (1994).[7℄ F. Huang, M. T. Kief, G. J. Mankey, and R. F. Willis, Phys. Rev. B 49, 3962(1994).[8℄ G. Bohi, C. A. Ballentine, H. E. Ingle�eld, C. V. Thompson, R. C. O'Handley,H. J. Hug, B. Stiefel, A. Moser, and H.-J. G¨untherodt, Phys. Rev. B 52, 7311(1995).[9℄ K. Ha and R. C. O'Handley, J. Appl. Phys. 85, 5282 (1999).[10℄ A. Murayama, K. Hyomi, J. Eikmann, and C. M. Falo, Phys. Rev. B 60,15245 (1999).[11℄ M. Ciria, K. Ha, D. Bono, and R. C. O'Handley, J. Appl. Phys. 91, 8150(2002).[12℄ L. Benito, J. I. Arnaudas, M. Ciria, C. de la Fuente, A. del Moral, R. C. C.Ward, and M. R. Wells, Phys. Rev. B 70, 052403 (2004).[13℄ K. Ha, M. Ciria, R. C. O'Handley, P. W. Stephens, and S. Pagola, Phys. Rev.B 60, 13780 (1999).



110 Referenes V[14℄ S. S. P. Parkin, M. Hayashi, and L. Thomas, Siene 320, 190 (2008).[15℄ D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit, and R. P.Cowburn, Siene 309, 1688 (2005).[16℄ C. A. F. Vaz, C. Athanasiou, J. A. C. Bland, and G. Rowlands, Phys. Rev. B73, 054411 (2006).[17℄ C. A. Ross, F. J. Castano, D. Moreroft, W. Jung, H. I. Smith, T. A. Moore,T. J. Hayward, J. A. C. Bland, T. J. Bromwih, and A. K. Petford-Long, J.Appl. Phys. 99, 08S501 (2006).[18℄ D. Ravelosona, D. Laour, J. A. Katine, B. D. Terris, and C. Chappert, Phys.Rev. Lett. 95, 117203 (2005).[19℄ S.-W. Jung, W. Kim, T.-D. Lee, K.-J. Lee, and H.-W. Lee, Appl. Phys. Lett.92, 202508 (2008).[20℄ S. Hameed, P. Talagala, R. Naik, L. E. Wenger, V. M. Naik, and R. Proksh,Phys. Rev. B 64, 184406 (2001).[21℄ R. C. O'Handley, Modern Magneti Materials: Priniples and Appliations(John Wiley Sons, 2000).[22℄ M. Ciria, F. J. Castaño, J. L. Diez-Ferrer, J. I. Arnaudas, B. G. Ng, R. C.O'Handley, and C. A. Ross, Phys. Rev. B 80, 094417 (2009).[23℄ D. Navas, C. Nam, D. Velazquez, and C. A. Ross, Phys. Rev. B 81, 224439(2010).[24℄ E. Callen and H. B. Callen, Phys. Rev. 139, A455 (1965).[25℄ J. Rouhy and E. du Tremolet de Laheisserie, Z. Physik B 36, 67 (1979).[26℄ E. W. Lee and M. A. Asgar, Pro. R. So. A 326, 73 (1971).


	E_C_Corredor_PhD_thesis.pdf
	 I. Experimental Procedures 
	 Growth of Ni/Cu thin films 
	 Electron Beam Lithography (EBL) 
	 References I
	 II. Perpendicular Anisotropy in Ni Multilayers 
	 Introduction 
	 X-ray characterization 
	 Magnetic Properties 
	 Discussion 
	 Conclusions 
	 Coercive force 
	 Coercivity in thin films 
	 Discussion 
	 References II
	 III. Magnetic Domain Structure on a Fe Wedge 
	 Introduction 
	 Experimental Details 
	 General features and magnetic contrast (tFe< 4ML) 
	 Spin Reorientation Transition, Fe films (tFe> 11 ML) 
	 Magnetoelastic Model 
	 Conclusion 
	 References III
	 IV. Struct. and Magn. Properties of Fe/Cu/Ni Films 
	 Introduction 
	 Growth and in-situ characterization 
	 Ex-situ characterization 
	 Magnetic Properties 
	 Discussion 
	 Conclusions 
	 References IV
	 V. Transverse Magnetization in Ni rings 
	 Introduction 
	 Electron beam lithography 
	 Magnetic Force Microscopy 
	 Analysis 
	 Discussion 
	 Conclusions 
	 References V


