
Miromagnetis of the dynami suseptibility for oupledpermalloy stripesO. G�erardin, J. Ben Youssef, H. Le GallLaboratoire de Magn�etisme de Bretagne, UMR CNRS 6135, Universit�e, 29285 Brest, FraneN. Vukadinovi, P.M. JaquartDassault Aviation, 92552 St Cloud, FraneM. J. DonahueNational Institute of Standards and Tehnology, Gaithersburg, MD 20899, USA(Otober 18, 2000)AbstratThe dynami suseptibility of arrays of narrow permalloy stripes (9 mm �several �m � 200 nm) has been investigated using a single-oil broadbandsuseptibility spetrometer. Disagreement is observed between experimentalresults and the marosopi Landau-Lifshitz (LL) model. This model does nottake into aount the dipolar interation between magneti stripes. We haveperformed miromagneti alulations that inlude these dipolar interations,and have found the resulting frequeny dependene of the dynami susep-tibility in the linear regime to be in good agreement with our experimentaldata.
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I. INTRODUCTIONFine ontrol of the magneti suseptibility in the high frequeny range (100 MHz { 10GHz) is required for many industrial appliations. For example, obtaining short swithingtimes for magneti reording appliations requires high ut-o� frequenies of the real part ofthe dynami suseptibility. For other appliations, suh as mirowave devies, �ne ontrol ofthe resonane frequeny of the uniform gyromagneti mode may be needed. There are manyways to hange the gyromagneti resonane frequeny for a given material experimentally,suh as using DC applied magneti �elds, thermomagneti treatments [1℄ or patterning[2,3℄. In this work, the last method has been used: laser ablation is used to pattern thinpermalloy �lms into arrays of long stripes parallel to the easy axis of magnetization. Then,measurements of the dynami suseptibility is performed on the patterned �lms. The maine�et of suh a patterning is to raise the resonane frequeny by induing demagnetizing�elds. Usually, the marosopi Landau-Lifshitz (LL) model is used to explain the results,with a simple evaluation of the demagnetizing �elds. In spite of good qualitative resultsobtained by this method, it is unable to take into aount either the non-uniformity ofthe demagnetizing �eld in the sample, or the interations between stripes. The interationbetween stripes ould be taken into aount with e�etive medium theory. One an �nd morereferenes in [4℄. One alternative to this alulations is to use a miromagneti desriptionof the problem. In this paper, we have used a miromagneti alulation to determine thedynami suseptibility in the gigahertz range.II. EXPERIMENTAL DEVICESA. Material and ablation failityThe �lms are made of permalloy, grown by rf sputtering with Leybold-Heraus equipment.They were deposited onto a 9 mm � 9 mm Corning glass substrate. The thikness of themagneti layer is 200 nm. B-H loop yles show a well de�ned uniaxial anisotropy for the2



as-sputtered �lms. The magneti properties of the as-sputtered �lms were determined usinga vibrating sample magnetometer (VSM). The �lms were patterned into stripes parallelto the easy axis of magnetization with a simple laser ablation faility desribed elsewhere[3℄. Several depositions were made in order to realize di�erent patterns. We have madearrays of 9 mm length (l), 50, 75 and 100 �m width (w), separated by 10 �m, in order tomaintain arrays with a high area paking fration respetively from 83% up to 90%. Thereare between 80 and 150 stripes, depending on the width. The thikness is idential for allstrutures, equal to 200 nm.B. Magneti suseptibility measurementsThe dynami magneti suseptibility of the samples was investigated using a permeame-ter based on the measurement of the reexion parameter of a single oil [5,6℄ without/withthe magneti �lm. Using this permeameter and an HP 8753-a vetorial network analyzer,the suseptibility an be measured in the 30 MHz to 6 GHz frequeny range. The on�gu-ration of the measurement is desribed in Fig. 1. For the patterned samples, the magnetiexitation �eld h(t) was applied perpendiular to the length of the stripe, in the �lm plane.The patterning indues a shift of the gyromagneti resonane frequeny to higher valuesand dereases the suseptibility. Typial spetra are reported in Fig. 2. These results anbe understood simply by the fat that the patterning inreases the shape anisotropy of the�lm by induing demagnetizing �elds.III. THEORETICAL APPROACHESA. Marosopi Landau-Lifshitz ModelThe dynami behavior of the magnetization is usually desribed with the help of theLandau-Lifshitz marosopi model. This model explains dynami behavior under the as-sumption that the magnetization on�guration is uniform. In this model, the temporal3



evolution of the magnetization M is:dMdt = �jjM�H� �jMjM� [M�H℄: (1)Here H is the total �eld,  the gyromagneti ratio, � the phenomenologial damping on-stant. Usually this equation is solved after linearization, using an harmoni exitation h(t)of small amplitude, inluded in the total �eld H. In the marosopi LL model, if we takethe (Ox) axis along the length, and if we probe the suseptibility perpendiular to this axis,and in the plane of the �lm (see Fig. 1), the suseptibility is given by:�(!) = � Ms2(j! � + (Hk +MsNz))!2 � j(2Hk +Ms(1�Nx))!� � (Hk +MsNy)(Hk +MsNz)(1 + �2)2 ; (2)where Ms is the saturation magnetization, Hk the anisotropy �eld, N� the demagnetizationoeÆient along the � = fx; y; zg axis, and ! the frequeny. Nx is negleted, sine the lengthof the sample is large ompared to the thikness. Demagnetizing �elds are homogenous onlyfor ellipsoids, and an be de�ned by the demagnetizing fators: Hd = �N �M. For all othergeometries, the non-uniformity of the demagnetization pattern should be taken into aountfor the determination of demagnetizing �elds, and we annot write the demagnetizing �eldsin terms of tensorial demagnetizing fators. But in [7℄, the authors give a perturbativealulation of the demagnetizing �elds. To �rst order, the demagnetization oeÆients anbe analytially derived in eah point of the sample, and beause it is a �rst order orretion,we an still write the demagnetizing �elds in terms of tensorial demagnetizing fators. Inthis way we an use the marosopi LL model even if our stripes are not seond ordergeometries. In Fig. 3 we see the variation along the (Ox) axis of Nz for a 10 �m � 9 mm �200 nm struture. To introdue suh a oeÆient into the marosopi LL model, we haveto perform a spatial integration. The demagnetizing oeÆients then beome:Nz = ZV 14� 2Xi=1 2Xj=1 2Xk=1 otan�1f h(�1)ix; (�1)jy; (�1)kzi d~r (3)with: f(x; y; z) = ((a� x)2 + (b� y)2 + (� z)2) 12 (� z)(a� x)(b� y) : (4)4



The other omponents of the demagnetizing tensor are obtained by irular permutationof fx; y; zg and fa; b; g in the two above expressions. This may be the best �rst orderorretion to the marosopi LL model that takes into aount the non-uniformity of thedemagnetizing �elds. B. Miromagneti alulationsInstead of solving a marosopi Landau-Lifshitz equation, a miromagneti desriptionof the problem an be used. In this work the OOMMF ode from NIST was used. In the mi-romagneti framework [8,9℄, the magnetization distribution is obtained by the minimizationof the total energy density funtional:E = Eexh + Edemag + Eanis + Ezeeman: (5)The average energy density E is a funtion of M and inludes exhange, demagnetiza-tion, anisotropy and applied �eld (Zeeman). The exhange is alulated by an 8-neighborinterpolation: Eiexh = (A=3)P8j=1(1 �mi �mj). The magnetostati �elds are alulatedwith FFT tehniques. One an �nd more details about the program and the evaluation ofthe energy terms in [10,11℄. The time evolution of the magnetization distribution is deter-mined by solving a mirosopi Landau-Lifshitz equation, in whih the e�etive �eld is afuntion of time and position:�M(r; t)�t = �jjM(r; t)�He� (r; t)� �jM jM(r; t)� (M(r; t)�He� (r; t)) (6)He� = � 1�0 �E�M : (7)Starting in an equilibrium state, the suseptibility is obtained by exiting the system witha small external �eld having a time dependene that allows us to investigate the suseptibilityin the orret range. This �eld is spatially homogeneous and is introdued in the densityfuntional of the Zeeman term. The amplitude of the driving �eld is very small to minimizenon-linear behavior. We de�ne the spatial average suseptibility in the diretion u as:5



<M(t) > �u = Z +1�1 �(t� t0)[h(t0) � u℄dt0; (8)where <M(t) >= 1V ZV M(r; t)dr: (9)Performing FFT's on the exitation and the response, the obtained expression of the susep-tibility an be diretly ompared to the one obtained by the marosopi LL model (formula2). In our alulations, sine the stripes are very long, we assume one invariant diretion forthe magnetization. If we write the magnetization in the form M(x ; y ; z ), we assume thatthe magnetization does not depend on x, where x is direted along the length of the stripe.The main drawbak of this assumption is that the ux losure domains at the ends of thestruture are negleted. However, we expet that the ontribution of suh domains to thesuseptibility is very small. The mesh size used for the alulation is 10 �m in the (y; z)plane. IV. EXPERIMENTAL SUSCEPTIBILITY RESULTS AND ANALYSISFirst, the experimental spetra for the as-sputtered �lms are ompared with the theoret-ial preditions dedued from the marosopi LL model (Fig. 4). The parameters (Hk,Ms)determined by stati measurements are introdued to the model and we �t the dampingparameter �. Good agreement between measurement and theoretial preditions is foundas observed in Fig. 4.Seond, the patterned �lms are onsidered. Table I reports resonane frequenies, bothexperimental and as predited by the marosopi LL model, for stripe widths of 50, 75and 100 �m. The the marosopi LL model results are higher than those experimentallymeasured, and the disrepany inreases with stripe width. As mentioned above, the stripesare not as independent. To take into aount the interation between stripes, and to inludea �ner evaluation of the demagnetizing �eld, miromagneti alulations are performed.The �rst alulations are performed in order to point out the inuene of the number of6



stripes on the dynami suseptibility. We have onsidered 50 �m stripes of ideal permalloy(Ms=800 kA�m�1, Hk=500 A�m�1), separated by 10 �m non-magneti spaers. Startingfrom one alulated stripe up to 8 stripes, the results of the inuene of the number ofstripes on the resonane frequeny for the gyromagneti mode is plotted in Fig. 5. Themagnetostati interation between stripes redues the demagnetizing �elds. The frequenytends to an asymptoti value as the number of interating stripes is inreased. The shift ofthe frequeny between 6 and 8 stripes is less than 50 MHz for this alulation.We use the experimental magneti parameters (Hk;Ms; �) of eah sample before pattern-ing to predit the suseptibility of patterned layers by miromagneti alulations. In Fig. 6we plot the frequeny of the gyromagneti resonane for experimental data, marosopiLL model and miromagneti alulations for 1 stripe and for 6 stripes. The disrepanybetween the experimental results and marosopi LL is due mainly to the interations thatare negleted in that model. The evaluation of the demagnetizing �elds using a �rst orderapproximation in the marosopi LL model seems to explain fairly well the behavior of anisolated stripe. The frequeny obtained by miromagneti alulations for one stripe is verysimilar to that obtained by the marosopi LL model. As we see in Fig. 6, the marosopiLL model is better for the largest aspet ratio (l=w), whih may be simply explained by thefat that the non-uniformity of the demagnetizing �eld is greatest near the boundaries.The imaginary part of the suseptibility is plotted in Fig. 7, for the array of 75 �m widestripes: experimental after patterning, marosopi LL model predition, and miromagnetialulation for 6 stripes. One an see the broadening of the experimental spetrum for thelayer after patterning. This broadening may be aused by defets produed by the proessof laser ablation, but we do not have a simple explanation for why the broadening a�etsonly the low frequeny part of the spetra. We see here that the miromagneti alulationprovides a better desription of the suseptibility than the marosopi LL model.
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V. CONCLUSIONIn this work, the inuene of the interation between permalloy stripes on the magnetisuseptibility spetrum is investigated. The marosopi LL model suessfully explains thedynami behavior of simple magneti strutures, but does not predit aurately the responseof oupled strutures. To irumvent this problem, it has been shown that miromagnetialulations an be performed with suess. A good agreement between experimental dataand simulations is ahieved. Suh a miromagneti determination of the suseptibility maybe useful for prediting the behavior of ompliated magneti strutures, suh as multilayers,where there is no analyti method for alulating the suseptibility.
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TABLESTABLE I. Gyromagneti mode frequeny: marosopi LL model and experimental measure-ments.stripe width (�m): 50 75 100frequeny (experiment, GHz): 1.9 1.4 1.1frequeny (marosopi LL model, GHz): 2.1 1.7 1.5
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FIGURES
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FIG. 1. Mirograph of the patterned layer. Dark zones orrespond to ablated regions. Dire-tions of the driving �eld and the anisotropy axis are indiated.
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FIG. 2. Suseptibility spetrum before and after patterning, real part (�0) and imaginarypart (�00). The patterned sample has permalloy stripes 75 �m aross separated by 10 �m widenon-magneti stripes.
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FIG. 3. Demagnetizing fator Ny for a 50�m wide stripe, evaluated aross the width, along theenter line x=z=0. The origin of the oordinates is taken in the enter of the stripe
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FIG. 4. Fit of experimental suseptibility spetrum by the marosopi LL model for permalloy.The values of Hk and Ms are determined by stati measurements (Hk = 412 A� m�1, Ms = 712000A� m�1). The value of the damping parameter � is taken as a free parameter (� = 0:021).
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FIG. 5. Calulated resonane frequeny as a funtion of the number of stripes.
13



40 50 60 70 80 90 100 110
Width of the stripes (µm)

0.5

1.0

1.5

2.0

2.5

F
re

qu
en

cy
 (

G
H

z)

before patterning (as sputt)
after patterning 
LLM model 
micromagnetic model (1 stripe)
micromagnetic model (6 stripes) 

FIG. 6. Evaluation of the gyromagneti resonane frequeny with width of the stripes: experi-ment, marosopi LL model and miromagneti omputations.
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FIG. 7. Imaginary part of the suseptibility spetrum, for experiment, marosopi LL modeland miromagneti omputations.
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