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Thickness-dependent magnetic excitations in Permalloy films with nonuniform magnetization
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The static and dynamic properties of Permalloy films with thicknesses varying from 200 nm to 920 nm have
been investigated in detail. For these films possessing a perpendicular anisotropy, the critical thickness for
stripe domain nucleation has been determined using magnetic force microscopy imaging and in-plane hyster-
esis loop measurements. The zero-field dynamic permeability spectra measured over the frequency range 0.1-6
GHz reveal one resonance line below the critical thickness, whereas multiple resonance peaks whose number
increases with increasing film thickness are observed above the critical thickness. The two-dimensional dy-
namic micromagnetic simulations reproduce successfully the thickness evolution of the experimental perme-
ability spectra and give access to the thickness-dependent spatial localization of the main modes. However, the
experimental resonance linewidths exceed the computed ones for the thickest films. Extended dynamic micro-
magnetic simulations including the screening of the pumping field due to eddy currents account only partially
for resonance line broadening. The existence of additional relaxation mechanisms due to magnetic inhomoge-
neities(micromagnetic and structujak discussed on the basis of parallel ferromagnetic resonance measure-
ments versus frequency.
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[. INTRODUCTION domain patterfweak stripe typewas also successively evi-
denced in CoNbZ?,Cof FeTaN! CoFezZ® and FePd thin

During the past 40 years, extensive studies were devotefilms, all exhibiting a perpendicular anisotropy. In the past
to the static and dynamic properties of low-anisotropy ferrofew years, the dynamic response of thin films with a weak
magnetic films both from fundamental point of view and for stripe domain structure was experimentally investigated
numerous potential applications in magnetic storage mediasing either zero-field microwave permeabiliffCoNbZr
and microwave devices. Following the Hubert's (Ref. 5 and CoFeZr(Ref. 8 thin films] or ferromagnetic
classification: these films can be distinguished by the type ofresonancéFMR) measurementCo (Refs. 10,11 and FePd
anisotropy(in-plane or out-of-planeand the film thickness (Ref. 12 thin films]. As a result, the magnetic excitation
range. Both the static magnetization configuration and thgpectra exhibit multiple resonance peaks and depend on the
associated dynamic response are controlled by these key pgumping field orientation with respect to the stripe direction.
rameters. Permalloy films (NFejo_ 4, With typically 78  On the other hand, it was demonstrdfed that the two-
<x=82) can be viewed as a prototype of such soft magnetidimensional2D) dynamic micromagnetic simulations allow
materials and represent an ideal system for basic investigae reproduce such complex dynamic spectra and to interpret
tions. The most commonly studied Permalloy films are charthe resonance lines in terms of spatially localized modes
acterized by near-zero magnetostriction=@81),? vanishing  within the stripe domain structure.
magnetocrystalline anisotropy, and a weak in-plane uniaxial However, the dynamic response of Permalloy films devel-
anisotropy induced by deposing the film in a polarizing mag-oping a weak stripe domain structure has not been reported,
netic field. The domain pattern is defined by large in-planeo our knowledge, except some summary of experimental
magnetization domains separated by various types of domaiesults'®> The main purpose of this paper is to investigate
walls (Neel, cross-tie, asymmetric & and Bloch walls  both experimentally and theoretically the zero-field dynamic
strongly depending on film thickned#\nother class of Per- permeability spectra of Permalloy films possessing a perpen-
malloy films less investigated corresponds to the ones exhildicular anisotropy as a function of film thickness.
iting a perpendicular anisotropy. This phenomenon is often This paper is organized as follows. In Sec. II, the sample
observed in Ni-rich x>81) permalloy films and seems to preparation is described. Section Ill is devoted to the static
originate from the magnetoelastic coupling in films with a magnetic properties and their thickness dependence. In par-
negative magnetostriction constant and a planar tensiltécular, the critical thickness for stripe domain nucleation is
stress: For Permalloy films with a perpendicular anisotropy, determined using experimental methddsagnetic force mi-
one of remarkable properties is the existence of a stripe daroscopy(MFM) observations, in-plane hysteresis loop mea-
main pattern above a critical thickness as first observed isurements The experimental and computéaiainly by 2D
the early sixties:* From these pioneer works, such a stripemicromagnetic simulationsero-field dynamic permeability
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spectra for the two thickness regimgselow and above the 0 ! 3

critical thicknes$ are then reported in Sec. IV. A special oanm 12327 nm ((’_
attention is paid to the effect of eddy currents on the perme- | —EA [
ability spectra. 03

00

M/Mg

II. SAMPLE PREPARATION

A series of Permalloy (NbFe;g) thin films were grown 05
on Corning glass substrate by rf diode sputtering using a
standard Z550 Leybold equipment. A dc magnetic field of 10
300 Oe was applied parallel to the film plane during deposi-
tion in order to induce a well-defined uniaxial anisotropy.
The background pressure was better thax18 ’ mbar.
Electron probe microanalyses carried out at several points on
the samples revealed a uniform chemical homogeneity
within =1%. The thickness of the films determined by pro-
filometer measurements was within the range from 200 nm
to 920 nm. A SiQ capping layer of 2 nm was deposited to
prevent the films from oxidation. The crystallographic struc-
ture of as-deposited films was examined by x-ray diffractom-
etry with CuK « radiation. The x-ray diagrams exhibited the
diffraction spots of the NbFe g (111) and (200 fcc crystal- ‘ !
line structure. 10 — i
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FIG. 1. Experimental in-plane hysteresis loops for different Per-
malloy film thicknesses.
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A. In-plane hysteresis loops and MFM images versus film
thickness

The saturation magnetizatidvis and the in-plane hyster- -4 1o bet, ,,=355+30 nm. In addition, the in-plane

esis loops were measured using a vibrating sample magnetgyqieresis loops reveal that increasing film thickness leads to
meter. The saturation induction was found equal #©Mis 5 increase of the coercive field and the in-plane saturation

=10390 G. Figure 1 displays the in-plane hysteresis 100p§ig|q whereas the value of the in-plane remanence is reduced.
recorded on Permalloy films with different thicknesses. For The zero-field magnetic domain structure at the surface of

the thinnest film (=204 nm), a square loop is observed (e permalloy films was then imaged by MFM—dimension
along the easy axi=A) whereas a slightly tilted loop with @ 3100 apparatus. The interlace mode was used for the mag-
low value of the remanence appears along the in-plane harghic measurements using the phase detection system. The
axis (HA). These hysteresis loops are similar to those okjns are magnetized along their axiserpendicular to the
classical in-plane uniaxial anisotropy films. The in-planefm plane. Therefore, following the point-probe model un-
uniaxial anisqtropy fieldHk, was determined from the in- ger the dipolar approach,the signal observed by MFM is
plane saturation field along the HM, ;= 4.8 Oe which cor-  aypected to be proportional to the second derivative veysus
responds to an in-plane uniaxial anisotropy constigt (normal to the film planeof the stray field componer, .
=MgHy/2=2x 10° ergicn. For the film thicknesst  No magnetic contrast was detected for film thicknesses lower
=327 nm, the EA and HA hysteresis loops still differ but & nant=250 nm. Within this thickness range, the static mag-
curvature on the EA hysteresis loop near zero field accompetization configuration observed by longitudinal Kerr mi-
panied W|th_ a sm_aII decrease of the remanence is observeétr.Oscopy consists of large domains with antiparallel magne-
For larger film thicknesses=384 nm andt=596 nm, tW0  tjzation (zero-field domain width=1 mm for a sample with
main features clearly appear. lateral dimensions 9 mm9 mm previously saturated along
the EA) oriented along the in-plane easy axis. For film thick-

linear decrease of magnetization from its saturation valu&€SS exceeding=310 nm, the MFM images reveal a paral-

and a moderate remanence. This shape of the loops is typic | stripe domain structuré-ig. 2). This domain structure of

f thin fil ith icul : hibiti kweak stripe type is induced by first saturating the film in an
gtr;[plendlorrmsa;/xltstrrl)]irtﬁz.dlcu ar anisotropy exhibiting a wea in-plane dc magnetic field applied along the EA and then

(i) The EA and HA hysteresis loops are superimposedreducmg the field to zero. The classical increase of the zero-
More generally, the hysteresis loops are unchanged whatev%?ld stripe period W'Fh Increasing film '_[h|ckness IS found._
the orientation of the applied in-plane magnetic field. This rom these observations, the critical thickness for magneti-

reflects the so-called rotatable anisotropy effect. zation_ reorient_a}tion porrespond_s tqym_r=280i 3Q nm.
Knowing the critical thickness, it is possible to estimate the

From the four above-mentioned Permalloy films, the ex-value of the perpendicular uniaxial anisotropy constapt
perimental critical thickness for rotatable anisotropy is esti-using the phase diagram in the plarf@,(/A),* whereQ is

(i) The in-plane hysteresis loops are characterized by
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FIG. 3. Cross-sectional equilibrium magnetization distribution
over one period of the weak stripe pattern computed by 2D static
micromagnetic simulations. The arrows represent the component of
M in the plane Ox,0y) of the figure perpendicular to the direction
(02 of the stripe domaingia) t=327 nm, andb) t=917 nm.

rated by a Bloch-type domain wall at the film center sur-
(c) (d) rounded by closure domains at film surfaces as observed in
FIG. 2. Zero-field MFM images of the weak stripe domain Fig. 3(b). According to the lift scan height of the magnetic
structure as a function of fim thicknesé) t=327 nm, (b) t  tip over the film plane the bright and dark areas can be re-
=396 nm, (c) t=596 nm, andd) t=917 nm. The image sizes are garded as corresponding to the position of the inner up and
20 umx 20 um. down domaing:?°
Figure 4 shows the comparison between the experimental
the quality factor defined aQ:KUIZWMé and A the ex- and computgd v_ariations of t.he in-pla_ne longitudinal rema-
change length given by the expressibr (A/2rM2)Y2with ~ Nent magnetizatioM, /Ms [Fig. 4@], in-plane saturation
A the exchange constant. Assuming thas is independent  fi€ld Hsai[Fig. 4b)], and the zero-field stripe perid?} [Fig.
of film thickness for this thickness rangaypothesis sup- 4(©)] as a function of film thickness. The good agreement
ported by the fact that no variation of magnetostriction coef.2btained between experiment and theory indicates the con-
ficient is expectetl and no thickness dependence of tensileSiStency of the static magnetic parameters.
stress was detected by x-ray diffraction measuremgetitis
leads to K,=5+1.3x10" erg/cn? corresponding to the IV. ZERO-FIELD MICROWAVE PERMEABILITY
mean value of the quality fact@=0.012. It should be men- SPECTRA

tioned that for this lowQ value, the relationtc m, The effect of film thickness on the zero-field microwave
=2m Al K. provides an excellent approximation for deter- permeanility spectra was analyzed in detail both experi-
mining Ky . Lastly, it should be also underlined th&ln,  mentally and theoretically. From the experimental point of
was found lower that , in agreement with data previously yiew, the complex scalar dynamic permeabiliy= '
reported —iu" (u' and u” are the real and imaginary parts of
respectively was measured over the frequency range 0.1-6
B. Equilibrium magnetization configuration above the critical GHz using a single coil permeametéiThis broadband tech-
thickness nique is based on the measurements of the input impedance
of the coil with and without the sample. The mean flux varia-
tion introduced by the ferromagnetic film induces a coil im-
(pedance variation from which the dynamic permeability is
determined. This technique requires a sample with lateral
dimensions 9 mm 9 mm. The experimental spectra were

=917 nm. As reported in Ref. 18 and verified in our system,then compared with those computed by means of either an
for this class of magnetic films with a low quality factor the omp P y . .
analytical model or 2D dynamic micromagnetic

discretization rules for micromagnetic simulations can be re<imulationsi 14
laxed and a 8841 grid ensures the convergence of both '

static and dynamic micromagnetic computations. The value » ,

of the exchange constaAt=1x 106 erg/cm was adoptel. A. Below the critical thickness

For the thinnest film near the critical lind=ig. 3@)], the Figure 5 shows the imaginary part of zero-field scalar
static magnetization configuration can be viewed as an acculynamic permeability spectra for a Permalloy film whose
mulation along thex axis of vortexlike domain walls with thickness {=204 nm) is lower than the critical thickness

alternate flux circulations. Increasing film thickness leads tq(t. ,,=280 nm). For this in-plane magnetized film, the ex-
the development of up and down magnetized domains sep@erimental dynamic permeability spectrudashed ling

Figure 3 exhibits the zero-field cross-sectional equilib-
rium magnetization configuration within one period of the
weak stripe structure computed by 2D static micromagneti
simulation$® for the film thicknessest=327 nm andt
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g 800 | ] FIG. 5. Imaginary part of zero-field permeability spectra for an
:O o0 | s theo. | in-plane magnetized Permalloy film<t, .,,). The pumping field
[ ‘ ‘ ‘°9Xp' Sh is applied along the in-plane hard ax{#lA). Experiment
400200 400 600 800 1000 (dashed lingand best fit according Eq1) (solid line) correspond-
t (nm) ing to the Gilbert damping parameter=0.018.
FIG. 4. Thickness evolution of static magnetic parameters de- ith
duced from experimen(open circley and computed by 2D micro- wi
magnetic simulationgsolid lines with symbols (a) reduced in- 2 _
plane longitudinal remanent magnetizatibhy /Mg, (b) in-plane (@ /7)"=HyplHip=Hku+47Ms], @
saturation fieldH,, and(c) zero-field stripe periodPy. and
measured along the in-plane HA (axis) exhibits, as ex- Aw,=ay[2Hy,—Hyy+47M] 3)
r p u .

pected, one resonance corresponding to the so-called in-

plane uniform gyromagnetic mode. This resonance line iSThe expressiongl), (2), and (3) are valid only forHy,
characterized by the following parameters: the resonance fre<Hy,+47Mg. This inequality ensures that the film re-
quencyf,=600 MHz, the resonance linewidtfull width at  mains in-plane magnetized. For Permalloy films satisfying
half maximum Af,=490 MHz, and the maximum of.”, Hk,<4m7Mg, the angular resonance frequerngy. (2)] and

M ax=2400. the resonance linewidtlEg. (3)] are very weakly dependent

It is well knowrf? that the HA intrinsic permeability spec- on Hy,. The effective permeability including the effect of
trum of an in-plane magnetized thin film can be computed byeddy currents can be writtends
solving the Landau-Lifshitz-GilbeLLG) equation for mag-
netization motion under the following approximations. _ing ANH(1+D)E/(26)]

(i) The film thickness is very small in comparison with the KrA=HHA™ 1 ) tU(26)
film lateral dimensions.

(i) The film is assumed homogeneously in-plane magnewith & the skin depth defined a@2p/(wuouiiy), wherep is
tized. Although the zero-field magnetization configurationthe electrical resistivity angu, the permeability of free
consists of a multidomain state with large domains orientecgspace. Equatiofd) was used in order to fit the experimental
along the easy axis, this approximation is relevant since th&lA permeability spectrum. The computation was made using
film thickness remains very small with respect to the domairthe static magnetic parameters reported in Sec. Il and the
width. value of the gyromagnetic ratio deduced from FMR mea-

(iii) The effective field including the contributions of an- surements,y=1.85<10" s"*Oe *. The Gilbert damping
isotropy and demagnetizing fields is also considered as unterm was considered as a free parameter. The best computed
form. The demagnetizing field is computed by analogy to thepermeability spectrum is represented in Fig(sblid line)
one of an ellipsoid of revolution with the demagnetizing fac-and corresponds te=0.018. This value is consistent with
tor equaling 1 along the film normal and O for the transversdhe one previously reportétand obtained by the same tech-
directions. nigue on a Permalloy film of equivalent thickness. For the

(iv) The amplitudes of the pumping fieléh and the dy- film thickness under consideration, the eddy currents have a
namic magnetizatio®m are small in comparison with the moderate influence on the intrinsic permeability spectrum
ones of the static effective field and the static magnetizationimainly a reduction ofu/, ., by 10% using the value of the
respectively(linear regime. Permalloy resistivityp=25 uQ cm.® It should be men-

(v) The damping parameter is small with respect to unity.tioned that the dynamic permeability spectrum recorded for
By taking into account both the in-plartéx, and perpen- the pumping field applied along the E& @xis) reveals a
dicular Hy,, anisotropy fields, this leads to the classical ex-small amplitude signal with a resonant shape. The resonance
pression for the HA intrinsic permeability to first orderdan  frequency coincides with the one obtained for HA permeabil-

4

. , [Hip—Hiu T 4mMgtiawly] ity spectrum _anqﬂmaxE_Az 100. Th_e existenpe o_f a very
pha=1+y4aMg 7 o , (1)  weak dispersion in the in-plane anisotropy direction can ex-
oy~ tioAo, plain the occurrence of the EA permeability response.
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X [ thickness below the critical linérig. 5), these spectra show
2000 500 multiple resonance peaks and a significant longitudinal re-
t=327 nm t=327 nm . : .
— Theo. sponse Z configuration. More precisely, these spectra re-

1500 o s . .
----- Exp. veal clearly some striking features which can be described as

follows.
Increasing film thickness leads to the following.
(i) An increase of the number of the magnetic resonances.

!
%1000 14

500

il p 0 p 0 o Up to seven peaks are detected for the thickest film.
F (GH2) F (GHz) (ii) A shift of the main resonances towards the low fre-
quencies for theX configuration. This behavior appears also
i 1384 nm i =384 nm for the Z configuration but the variation is not monotonic.
1500 — Theo. — Theo. (iii ) A decrease of the permeability lev@naginary parx

""" il for both theX and Z configurations.

(iv) A drastic reduction of the resonance linewidths.

It should be mentioned that the permeability variations
below 200 MHz are affected by experimental noise and are
4 6 not representative.

F(GHz) i) The permeability spectra were compared with those com-
puted using a 2D dynamic micromagnetic model first by ne-
glecting the effect of eddy currents. This model, described
elsewheré?!* is based on the solution of the Landau-
Lifshitz-Gilbert equation for magnetization motion linearized
around the equilibrium configuration and gives access to the

full dynamic susceptibility tensog (permeability tensop

6 0 2 4 6 =|+4my, wherel is the unit tensorfor nonuniform and
F(GHz) periodic equilibrium magnetization configurations. A very
good agreement between theory and experiment was previ-
ously reported for an amorphous CoFeZr thin film with mag-
netic parameter®=0.05 andt/A =68.2 For the Permalloy
films under consideration, these parameters correspond to
Q=0.012 andt/A varies between 68 and 190. The compu-
tations were performed using the magnetic parameters deter-
, | ] mined previously(see Secs. Il and IV A

F (GHz) F (GHa) The computed permeability spectra are shown in Fig. 6
(solid lines. As a result, the 2D dynamic micromagnetic
model reproduces very well the thickness evolution of the
permeability spectra described above by the itéimiv). For

:3_ 1000

500

2000 t=596 nm 400 =596 nm

—— Theo. — Theo.

1500 it LA R RO e

%,.1000

500

1000 t=917 nm 300 t=917 nm

—— Theo. —— Theo.
----- Exp.

FIG. 6. Comparison between comput@olid lineg and experi-
mental(dashed lingszero-field scalar dynamic susceptibility spec-

tra (imaginary part for Permalloy thin films with different thick-

nesses above the transition line. The pumping field is applied in théhe thlckne§se$=327 nm andt=2384 nm a very good_ .
film plane either perpendicularX( configuration, left columnor agreement is found in tgrms_of mode positions, permeabllllty
parallel Z configuration, right columnto the stripe direction. levels, and resonance linewidths. For the two Iar_gest thick-
nesses (=596 nm andt=917 nm), the computations ac-
count for accurately the complicated permeability spectra
with multiple resonance peaks. Nevertheless, it should be
1. Experiment versu€D dynamic micromagnetic simulations ~ e€mphasized that the resonance linewidths appear smaller
than the experimental ones. Consequently, this leads to the

Zero-field microwave permeability measurements Werzgrediction of some resonance peaks not fully resolved by the

B. Above the critical thickness

then performed on the thin films possessing a weak strip ermeability measurements. In addition, the permeability

(sjt? irnglgo?]gr:i(r:]tslj'ﬁelrg g:iee;;ggube nge;‘:;ggf gnl;G I(;r?ez. ;-lgr_evels of the main resonance for theconfiguration are over-
P y P POIIS s timated with respect to experiment. The broadening of the

1zIng magn_etlc f'eld. whose amplitude exceeds the. Ir]'plf':“’“:éxperimental resonance lines can be originated mainly from
saturated field and is then reduced to zero. Two orlentatlonﬁN0 causes(i) the effect of eddy currents, arfd) a thick-
of the pumping field were considereti perpendicular to the ness dependence of the magnetization relaxation through in-

stripe d|rect|o.n, andh pgrallell to _the stripe dl.rect|o.n. By trinsic or extrinsic processes. These different causes will be
taking thez axis as the stripe direction, the configurations ar€jiscussed in Sec. IVB 3

denoted, respectively, b} configuration andZ configura-
tion. The experimental scalar dynamic permeability spectra
(imaginary parxfor each pumping configuration and for four
film thicknesses are reported in Fig(dashed lines In con- It was shown previously that the resonance peaks ap-
trast to the dynamic permability spectrum of the film with pearing in lowQ magnetic films can be correlated with the

2. Thickness dependence of the main resonance modes
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—~

a) as a function of film thickness. For each resonance frequency
1.5 : ‘ and each exciting configuration, the map |ém(x,y)| is
® X configuration plotted in Fig. Tb). For the X configuration,|Sm| appears
10 = u Z configuration | quite homogeneous for the thinnest film. A smooth maximum
is observed within the domain wall at the film center. For this
05 | . 1 film thickness near the critical line, the spatial distribution of
| 6m| does not depart significantly from the constant one oc-
0 . . ‘ curring for films with in-plane magnetization below the tran-
200 400 600 800 1000 sition line. As the film thickness increases, the dynamic mag-
t (nm) netization becomes more and more heterogeneous. The
maximum of| m| within the domain wall is splitted into two
(b) maxima located symmetrically with respect to the film cen-
|Z| E ter. The distance between these maxima enhances with in-
creasing film thickness. For thg configuration,|om| is
found heterogeneous even for the thinnest film. In this case,
the high values of Sm| correspond to the central parts of
domains and to the closure areas. The more the increase in
the film thickness, the more complicated the map of modes
is. The central parts of domains remain a spin area with large
values of| Sm| whatever the film thickness, whereas the val-
ues of| 8m| decrease within the closure areas and increase at
the surfaces of domains with increasing film thickness. For
=384 nm the thickest films, the two maxima located symmetrically
with respect to the film center emerge as observed foixthe
configuration.

F.(GHz)

)
loml om|

1=384 nm
[3ml

3. Analysis of resonance linewidths

The existence of eddy currents in ferromagnetic films has
been recognized for a long time as a possible source of line
broadening for high-frequency magnetic excitatiéh® Due
t=596 nm to the eddy currents, the pumping field becomes heteroge-
neous along the film thickness which induces a restoring
torque arising from the exchange interacti¢exchange-
conductivity mechanisim Numerous papers were devoted to
the analysis of the effect of eddy currents on FMR spectra
for uniformly magnetized thin film& It was shown that the
exchange-conductivity mechanism produces a shift of the
resonance field and an increase of the resonance linewidth
for both parallel and perpendicular FMR configurations. Fur-
thermore, the roles played by the boundary conditis-
face magnetic anisotropyand the film thickness were ana-
lyzed in detai”®=?°The second problem classically treated in
the literature is the effect of eddy current losses on an iso-
lated domain wall motiod:*°3! The existence of eddy cur-
rents leads to a decrease of the domain wall mobility with

FIG. 7. Computed thickness evolution of the low-frequencyincreasing film thickness and to a bulging of the domain wall
magnetic excitation observed in Fig. 6 for tXeand Z configura-  during its motion. More generally, the problem of eddy cur-
tions: (a) resonance frequency, aid) spatial distribution of 5m|  rents for a nonuniform magnetization configuration is quite
within one period at each resonance frequency. For each columgomplex and requires the simultaneous solution of the LLG
the scale fof om| is the same for all the maps. equation and the Maxwell equatioffsSuch a computation

was reported recently but it is outside the scope of this
excitation of different spin regiongarts of domains, closure paper. In our case, this rigorous treatment would lead to a 2D
domains, and domains walllsf the stripe structure. One way eddy current magnetic field distribution due to the 2D static
to identify these spin regions is to visualize the modulus ofmagnetization and effective field. In this paper, a simplified
the dynamic magnetizatioAm within one period of stripe approach was adopted. In order to account for the screening
domains at each resonance frequency. In this work, we aref the pumping magnetic field by the eddy currents, a one-
focused on the low-frequency and high-intensity resonanceimensional decrease of the pumping field between the sur-
associated with each exciting configuration. Figu@ Yep-  faces and the center of the film was considered. For the case
resents the evolution of the respective resonance frequen@f a pumping field oriented along thedirection, and assum-

(3| [om]

[om ]
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FIG. 9. (a) Evolution of the peak-to-peak linewidthHPP as a
function of frequency for various film thicknesses. The symbols are
FMR data and the solid lines represent the linear (iisThickness
dependence of the zero-frequency peak-to-peak linewAdilPP.

tained for the film thickness=596 nm and for theX con-
figuration. Figure 8) reports the pumping field profile along
the film thickness computed using E&) at the three reso-
nance frequencies of the permeability spectrum. The maxi-
mum screening of the pumping field occurs at the first reso-
nance frequency. The consequences on the permeability
spectrum are displayed in Fig(8. The effect of eddy cur-
rents results in a strong reduction of the first peak amplitude
with correlatively an increase of the resonance linewidth by a
FIG. 8. () Pumping field profiles across the film thickness de- factor of 2. However, a significative discrepancy subsists be-
duced from Eq(5). These profiles are computed at the resonancaween the experimental and theoretical linewidths. The sec-
frequencies associated with the first three modes of the theoretic@ndary peaks are weakly affected by the eddy currents. The
spectrum corresponding to the film thickn@ss596 nm and the  effect of eddy currents cannot explain the experimental ob-
pumping field configuratiorisee Fig. 6 first column, third row(b)  seryation of a single broad secondary peak instead of the two
Comparison between the theoretical dynamic permeability spectrBeakS predicted by the dynamic micromagnetic simulations.
(imaginary part computed without ¢=0) and with () eddy cur- Figure 8c) compares the map dBm| within the periodic
rents, and the experimental ong) Spatial distribution off am| cell for the low-frequency resonance without and with eddy
within one period at the resonance frequency of the Iow-frequenC)éurrentS As expected, the presence of eddy currents induces
peak without =0) and with () eddy currents. The mode repre- a large decrease ¢5m’| mainly observed at the film center
sentation is the same as in Figbband the scale is the same for the . N - . ..
two maps. where the_: amplitude of the pumping field is minimum. The
computations performed for th& configuration indicate no

ing an infinite film in thex and z directions, the solution of Significative change of the dynamic permeability spectrum

Maxwell equations using symmetrical boundary conditions?‘SSOCiated with_ the eddy currents due to the lower permeabil-
at film surfaces yields the following profile for an unitary 'ty level. Despite the approximate treatment used, the dy-

external pumping field* namic micromagnetic simulations including the effect of
eddy currents improve notably the comparison between
cosi(1+i)y/ 4] theory and experiment but cannot fully explain the experi-

ohy(y)= oS (1+1)U(20)]" (5)  mental resonance linewidths.

In order to gain a better understanding of the observed
where the value of the permeability tensor elemegtcom-  discrepancy between experimental and computed thickness
puted from dynamic micromagnetic simulations and averdependences of resonance linewidths, FMR measurements
aged over the periodic cell is incorporated in the expressiomvere made for all the samples. The FMR investigations were
of the skin depths. This pumping field profile was then performed in the saturated regime using a nonresonant wide-
included in the dynamic micromagnetic simulations. Itband microstrip line in the frequency range 3—12 GHz with
should be noted that other nonuniform exciting field profilesthe polarizing magnetic field applied in the film platgar-
representative of different magnetic couplings were recenthallel FMR). Figure 9a) shows the frequency evolution of the
investigated in the case of dynamic micromagnetic simulapeak-to-peak parallel resonance linewidthiPP, defined as
tions on FePd thin film& Figure 8 shows the results ob- the field separation between the peaks of absorption deriva-
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tive. For the sake of clarity, only three representative filmThe zero-field dynamic permeability spectra measured in the
thicknesses are reported. Several conclusions can be drawinequency range 0.1-6 GHz reveal one resonance line corre-
(i) AHPPincreases linearly with frequency. Such a behav-sponding to the in-plane uniform gyromagnetic mode below
ior is in agreement with previous results obtained for thinneithe critical thickness and multiple resonance peaks associ-
Permalloy films*®~38In this thickness range, no significant ated with localized modes of stripe domains above the criti-
variation of the slope is observed and the Gilbert dampingal thickness. Increasing film thickness leads to an increase
parametere deduced from the relationsfibAHPP=AHJP  of resonance line number and to a reduction of resonance
+2awl(yy3) is estimated to ber=1.1+0.1x10 2. This linewidths. The 2D dynamic micromagnetic simulations re-
value is similar to the one recently determined from angulaProduce successfully these features and appear as a relevant
measurements of FM£2. approach for analyzing the high frequency response of Per-

(i) The value ofa is 40% lower than the one obtained by malloy films in a wide thickness range. However, the experi-
fitting the zero-field permeability spectrum of the in-planemental resonance linewidths exceed those computed for the
magnetized thin filmsee Fig. 5 The presence of multido- thickest films. In this case, the introduction of the effect of
main state could explain the enhancement of the dampingddy currents into the dynamic micromagnetic simulations
parameter as reported for insulator magnetic oxfaehﬂore leads to a Slgnlflcant reduction of the main peak amplltude n
generally, it could be concluded that the damping paramete®greement with experiment but cannot account for the full
is intimately connected to the micromagnetic state of filmsexperimental resonance linewidth. In order to understand the
For the thickest films with a weak stripe domain structure 0rigin of this discrepancy, parallel FMR measurements ver-
the highly heterogeneous static micromagnetic configurasus frequency and film thickness were performed. As a re-
tions could lead to a further enhancementofintroduction  Sult, the damping parameter obtained in saturated regime is
of such an increasing functiom(t) into the dynamic micro- smaller than the one determined from zero-field microwave
magnetic simulations would improve the agreement betweeRermeability spectra. A correlation between the damping pa-

experimental and computed frequency linewidths for therameter and the micromagnetic state of films is suggested,
thickest films. which could result in an increase of the damping parameter

(i) The peak-to-peak zero-frequency linewidsi5P is with film thickness(increase of micromagnetic state inhomo-
an increasing function of film thickness. This term reflectsdeneity and could partly explain the difference between the
the structural quality of samples. The origin AHEP was e_xperlmental z_i_nd computed frequer_1cy Imeywdths in the zero-
mainly attributed to anisotropy dispersiSrand to the two- field permeability spectra for the thickest films. It would be

magnon scattering process which is operative for paralleilmerGSting to test experimgntally this assumption in the. case
EMR 3637 of submicron magnetic objects where well-controlled micro-

In the last case, increasing film thickness leads to an inMagnetic states can be stabiliZéckinally, the existence of

crease of the number of states degenerated with the uniforfdditional extr|r|1(3|c _reIaxang_ mecha_lnlsré(lmvo mdagnonhs
precession mode and hence reinforced the two-magnon scacaltering, weak anisotropy dispersida advanced on the

tering contribution. Such an extrinsic contribution, not taken?3S'S O_f th? Increase of the zero-freq_ueljcy Ime_vwdrh with
into account by the dynamic micromagnetic simulations,"cr€asing film thickness. Such an extrinsic contribution not

could also explain the discrepancy between the experimenté{lwlu,deOI in the dynamic m|cromagnet|c'S|mulat|ons could
and computed frequency linewidths for the thickest films. provide an alternate explanation of the discrepancy between

From the above considerations, it is likely that the resoNe egperimental a_n_d computed frequer_1cy Iine_widths in the
nance line broadenings in the zero-field dynamic permeabilzero'f'eld permeablht_y spectra for the th'CkeS.t films. The ef-
ity spectra of the thickest Permalloy films arise partly fromfeCtS Of. amgotropy dispersion on the. dynamic properpes of
eddy currents and partly from relaxation processes related l@agnetl% f|Im§ have . been expenmer'\tally' investigated
magnetic inhomogeneitiggicromagnetic and structupal r_ecer_ltl)ﬁ‘ The_ mtroduqnon O.f the quc_tuatu_)ns n the_ effec-

tive field (spatially varying anisotropy fie)é* into the micro-
magnetic simulations would provide a deeper insight on the
complicated problem of damping mechanisms in real mag-

The static and dynamic properties of Permalloy films withnetic films.
thicknesses varying from 200 nm to 920 nm have been in-
vestig_ated in detail. For_t.hese films. possg_ssing a perpendicu- ACKNOWLEDGMENTS
lar anisotropy, the transition of reorientati@n-plane to out-
of-plane magnetizationhas been analyzed by means of in-  The authors thank D. Dekadjevi and J. Ostorero for stimu-
plane hysteresis loops and MFM observations giving accedsting discussions on x-ray-diffraction measurements and A.
to the critical thickness for the presence of stripe domainsThiaville for Kerr microscopy imaging.
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