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Ferromagnetic resonance spectra in a weak stripe domain structure
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The ferromagnetic resonan@@éMR) spectra in magnetic films with a nonuniform magnetization configura-
tion are known to exhibit multiple absorption peaks. In this paper, the case of ferromagnetic films supporting
a weak stripe domain structure is addressed. A two-dimensional dynamic micromagnetic model is used to
investigate the high-frequency response of such a magnetic structure. In a first step, the zero-field susceptibility
spectra are computed. The existence of numerous resonances resulting from the excitation of surface and
volume modes is predicted. The main features of spegtanmber of resonances, resonance frequencies,
intensities, and linewidthsstrongly depend on the equilibrium spin configuration and on the rf exciting field
orientation. In a second step, the susceptibility spectra in the presence of an in-plane static magnetic field
applied along the stripe direction are studied in detail. The dispersion relation, frequency versus in-plane
magnetic field, is computed for each magnetic excitation. These dispersion curves reveal possible mode
couplings and interchange of mode characters with increasing magnetic field. The theoretical in-plane FMR
spectra are then deduced from the frequency and magnetic field dependence of the dynamic susceptibility.
These theoretical results are discussed in light of available experimental FMR data obtained on thin ferromag-
netic films with a moderate perpendicular anisotropy.
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I. INTRODUCTION tively up-and-down magnetization was treated in ded.
Two domain mode resonances corresponding to precession
Ferromagnetic resonan€¢EMR) is one of the most pow- modes inside the domains with two types of phase relations
erful techniques for investigating magnetic thin fillsin  between neighboring domains and one Bloch domain wall
the standard FMR experiment, the derivative of the rf poweresonance were observed. This multidomain state was theo-
absorbed by the sample is measured as a function of thetically described by assuming the existence of large uni-
applied dc magnetic field at constant microwave frequencyormly magnetized domains separated by infinitely thin one-
(field-swept configuration In such a procedure, the operat- dimensional(1D) Bloch domain walls(limit of a large Q
ing microwave frequency is chosen so that the resonancgalue). The extended Smit-Beljers formalism including the
field associated with the uniform precession mode exceedsee energy density of this multidomain state accounts for
the saturation fieldsaturated staje Magnetic parameters these magnetic excitation$! In addition, in such a mag-
such as the anisotropy constants and gyromagnetic ratio cafetic system high-order domain wall resonances have been
be determined from the angular dependence of the resonandetected and successfully interpreted in terms of flexural do-
field2 In addition, quantitative information on the relaxation main wall modeg3-15
mechanisms of the magnetization can be deduced from the Recently, complicated FMR spectra in the unsaturated
measurement of the FMR linewidfhgiving access, for in-  state with a series of resonances were reported ir{Red.
stance, to the Gilbert damping paramét&he determination 16) and FePd(Ref. 19 thin films. These films possess a
of previous magnetic parameters is performed by using thgerpendicular anisotropy, but a modera@ factor (Q
Smit-Beljers energy meth8dor which an appropriate form ~0.3-0.5), and present a weak stripe domain strufture
of the magnetic free energy density of the sample in theabove a critical thickness. The micromagnetic calculations
single-domain state is required. Relatively little attention hag3D (Ref. 16 and 2D(Ref. 19] of the static magnetization
been paid to the FMR in the unsaturated state. The majatonfiguration exhibit 2D domain wali@loch like at the film
reason arises from an interpretation of FMR spectra which igenter and Nel like at the film surfacéswhose thickness
generally more complex and needs a precise knowledge @kpresents a significant ratio with respect to the domain
the equilibrium magnetic configuration inside the samplewidth. In addition, the spin orientation inside the domains
Pioneer work&™® were devoted to the FMR in the presence depends on the film thickness. This nonuniform spin con-
of a simple-domain structure such as lamellar domains. Ifiguration departs from the ideal stripe domain structure con-
particular, the case of ferromagnetic garnet films with a largesidered in the Smit-Beljers model. In consequence, this ana-
uniaxial perpendicular anisotrog®@>1, whereQ is the so-  Iytical model cannot reproduce all the features of FMR
called quality factor defined a®=K/(27M?2), with K spectra experimentally observed.
the uniaxial anisotropy constant aiMis the saturation mag- An alternative promising approach consists in using a dy-
netizatior] supporting parallel stripe domains with alterna- namic micromagnetic simulatioi:?° High-frequency sus-
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y magnetic simulations, the reduced magnetizationis as-
sumed invariant along theaxis (r is restricted to vary in the
X-y plane.
The dynamic micromagnetic simulations are performed in
two steps.
— X First, the equilibrium magnetization configuration is com-
' é ' puted using a Labonte-Brown-type procedtié! A relax-
! ! ation method is used iteratively in order to achieve the align-
@ @ @ t ment of the magnetization vector along the effective field
I | vector at each point of the discretization lattice in the cross
! ! section through the periodic celk-y) plane. The effective
- = field incorporates the contributions from exchange, anisot-
P, ropy, demagnetizing, and dc applied fieldsles=Hexcn
+_ Hanist Hdemagh Happ..The explicit forms for ea_ch field are
FIG. 1. Cross-sectional schematic representation of the wea@iVen below by adopting the cgs system of units.
stripe domain structure over one period of the pattern and coordi- The exchange fielt ., is expressed by
nate system. In the 2D micromagnetic simulations, the magnetiza-
tion is assumed invariant along taexis which coincides with the
stripe direction.
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H
ceptibility spectra of ferromagnetic films with a weak stripe With A the exchange constant.

domain structure computed by a 2D dynamic micromagnetic For a first-order uniaxial anisotropy along thexis (unit
model were recently publishé@.These calculations predict Vectoru), the anisotropy field has the following form:
the existence of multiple resonances associated with surface
and volume modes of stripe domains and were compared
successfully with experimental zero-field microwave perme-
ability spectra.

The aim of the present paper is to compute whole FM
spectra in the unsaturated state in terms of mode positions,
intensities, and linewidths by using this 2D dynamic micro-
magnetic model. Ferromagnetic films with a weak stripe do-
main structure are considered. curlH gemag= 0. 3

This paper is organized as follows: ~Section Il describesy addition, the boundary conditions are of the Neumann
the dynamic micromagnetic model. This is followed by atype at the film surfaceéhe normal derivative of the mag-
presentation of theoretical zero-field susceptibility spectraetization distribution at the surfaces is 2eemd are peri-
exhibiting multiple resonances. The origin of these resoqic along thex axis.
nances is correlated with the equilibrium magnetization dis- This computation provides the equilibrium magnetization
tribution. The effect of an in-plane dc magnetic field app|i’3dconfiguration Medr), the equilibrium field Her)
along the stripe direction on each magnetic excitation is then. Hef[Meq(r) ], and the stable domain peridt).
investigated in detail. Their dispersion curves, frequency ver- gecond, the dynamic susceptibility is determined by com-
sus in-plane field, are reported. The influence of the U”iaXiabuting the responsém(r,t) of the magnetization configura-
anisotro'py and exch.ange strength on Fhe dispersion curvesis 1o a weak uniform magnetic excitatiafh(t). The de-
also pointed out. Finally, the theoretical FMR spectra argg|oped code for treating this problem is based on a method
computed from the frequency and field dependence of theacently publishe® and is extended in order to take into
dynamic susceptibility and compared with available experi-gccount the periodic nature of the magnetization configura-
mental FMR data in Sec. Ill. tion. The time evolution of the magnetic configuration can be

described by the Landau-Lifshitz-GilbeittLG) equation

2K,

Tolmuwu-m] (Ky>0). @
S

Hanis=

Rl:inally, the nonlocal demagnetizing field is given by:

divHgemag= —divM,

II. TWO-DIMENSIONAL DYNAMIC MICROMAGNETIC

MODEL OF STRIPE DOMAINS dm dm
—=—|yYImXH+amx——, (4)

A. Derivation of the dynamic susceptibility dt dt

The dynamic of stripe domains is considered from thewhere m can be expanded in the form(r,t)=mgy(r)
micromagnetic point of view, where the magnetic medium is+ ém(r,t), H represents the total magnetic field that can be
represented as a macroscopic continuum characterized by thgitten H(r,t)=Hg(r) + sh(t) +Her(om), v is the gyro-
magnetization vectorM(r,t) of constant modulusMg  magnetic ratio, andr is the Gilbert damping parameter. By
[M(r,t)=Mgm(r,t)].*»*Let us consider a periodic domain considering a harmonic time dependence &r and ém
pattern of periodP,; the x axis corresponds to the periodic- (€'“!, w is the angular frequengyand under the assumptions
ity direction, they axis is the film normal, and theaxis is  |sh|<|Heq(r)|, [Her(0M)|<|He(r)|, and|dm|<|mqd=1,
oriented along the stripe directigfig. 1). In the 2D micro- linearizing of Eq.(4) leads to the following linear system:
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wherel is the unit matrix and the matricé&,, D,, andDy 2
are defined, for any given vector by 2
S 40}
= X = . :
D1V=Meg<V, 3 Stripe domains
ilaw S
Dv:(H + —Mgg| XV, S 20 P
2V Med™ Ty Mea 3 .
Dpv=(Hes—Happ (V). (6) In-plane magnetization

0 L L
For a grid withN discretization pointssm and h are 00 01 02 03 04 05
vectors and the linear dense systéis of size 3NX3N. Quality factor Q
This system is solved for each frequency by using a direct
method(Gauss factorization The scalar dynamic suscepti-
bility is then given by

FIG. 2. Phase diagram in th€(t/A) plane. The boundary line
represents the reduced zero-field critical thickrtega for domain
nucleation. Coordinates af6.35,15.7 for point P.

N
1 .
X= —2 TeniZ (7)  three main exciting directionsh,; applied along the axis (x
N | ohl configuration, y axis (y configuration, andz axis (z configu-

The computations were performed on a parallel computef@tion are displayed in Fig. (). The computations were
with the treatment of one frequency per processor. Differen["erf‘grrme_dl using the magnetic parameterg—1.85
discretization grids were considered. As a conclusion, using¢ 10’ O€ *s* and @=0.02. As previously reporte, the

a 64x 31 grid leads to reliable results for both the static andSPectra reveal the existence of multiple resonances whose
dynamic micromagnetic computations. The susceptibility?UMbers and positions depend on the directiodtof. For
spectra presented in the next section were computed over tfig X configuration, the spectrum consists of one intensive

frequency range from 100 MHz to 30 GHz with a frequencyP€ak labeledl) and a subsidiary one labeldd) of weak
stepAf=100MHz. A refinement 4f=10MHz) was then intensity and located at a higher frequency. These resonances
performed around the detected resonance frequencies. '€ also observed with one order of magnitude weaker at the

Comparisons between this dynamic matrix technique an§ame frequencies for theconfiguration. In addition, a third
the direct integration of the LLG equation will be published 'éSonance labele) clearly appears followed by two very
in a forthcoming articlé® weak excitations at higher frequencies. For theonfigura-

tion, the spectrum exhibits two large resonances labeled, re-
spectively,(4) and (6). Three weak excitations are also vis-
ible. The weak resonance notd8), appearing at the lowest
The zero-field micromagnetic state of thin films with a frequency is considered because its behavior in the presence
uniaxial perpendicular anisotropy may be represented in af an applied dc magnetic field will be investigatesge Sec.
phase diagram depending on the two reduced parametei-C). One can remark that the resonance frequencies of dif-
s: the quality factoQ and, for instance, the ratio of the film ferent magnetic excitations do not coincide for thand z
thicknesst to the exchange IengtIA:(A/ZWMg)l’z. The  configurations. In order to analyze the physical origin of the
reduced critical thickness for domain nucleation was comimagnetic excitations of stripe domains, the modulugiof
puted using the procedure described in Ref. 18 and is diswithin one period is reported in Fig(& for the main reso-
played in the Q,t/A) plane in Fig. 2. In this phase diagram, nances1), (2), (3), (4), (5), and(6). At each resonance fre-
a point located above the critical line was selected: pBint quency, this modulus is normalized by its maximal value.
(Q=0.35,t/A=15.7). The magnetic parameters correspondrhe high levels of sm| are represented in red, while the low
to 47Mg=13190G, Ky=2.4x1CPerg/cni, A=0.7 levels are in blue. For modél), the maximum values of
x 10" ® erg/cm, and =50 nm and are representative of FePd|dm| appear at surfaces of domaips= =+ (k+1/2)P¢/2, k
films with a moderate perpendicular anisotropy supporting &=0,1, . . .] and to a lesser degree within Bloch-type domain
weak stripe domain structuf&?” Figure 3a) exhibits the walls. In fact, their respective contributions depend mainly
static magnetization configuration within one period foron the quality factoQ. As Q increases, the contribution of
point P. The arrows represent the componentdvbfin the  Bloch domain walls predominates the surface (e point
plane(Ox,0y of the figure. A code color is adopted for im- A in Ref. 19. In addition, the level of Sm| inside the do-
aging thez component. This configuration consists of anmains represents approximately a quarter of the maximum
open flux pattern with large domains magnetized alongythe value of|dm|. Due to the large area of domains, their con-
direction separated by a Bloch wall at the film center sur-ributions to the dynamic susceptibility are significative. For
rounded by Nel caps at the film surfaces. The zero-field mode(2), the higher values dfdm| are located at surfaces of
stripe period corresponds f,=109 nm. The spectra of the domains[x= = (k+ 1/2)Py/2, k=0,1,..] and within Bloch-
scalar dynamic susceptibilityimaginary party”) for the type domain walls. Mod¢3) is essentially a surface mode.

B. Zero-field dynamic susceptibility spectra
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FIG. 3. (Color) (a) Cross-sectional equilibrium magnetization
distribution over one period of the pattern corresponding to gaint
The arrows represent the componentd/ofn the plane(Ox,0y) of
the figure which is perpendicular to the directi@gz) of elongation
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The maximum values dfsm| occur forx= + (k+ 1/2) Py/4,
k=0,1, ... .This mode resembles a spin-wave mode quan-
tized across the domain widfhom| ~ |sin(4m/Pg)x|]. It must
be mentioned that for the modés), (2), and(3) the spatial
variations of| m| are identical in thex andy configurations
but their magnitudes differ. Mod@) is a surface mode. The
higher values of ém| are located at surfaces of domalns
==+ (k+1/2)Py/2, k=0,1,...).Mode(5) appears as a sur-
face mode with an asymmetrical variation |@¢im| between
the upper and lower interfaces. This mode could correspond
to the “cap shearing mode” predicted from physical consid-
erations in Ref. 16. Such a mode is characterized by an in-
phase motion of all the top cajg®p Neel walls) in a given
direction (—x in our cas¢ and an in-phase displacement in
the opposite direction{x) for all the bottom caps. Mode
(6) is a volume mode with the maximum values|ém| at
the center of the domains. In these regions, the spins at equi-
librium are essentially oriented along tlyeaxis [Fig. 3(a)]
and are strongly coupled witldh,; (z configuration. The
analysis of the in-plane componenis, and ém, in neigh-
boring domains indicates that the modéy (2), and(3) are
acoustic modessm, components in phase between adjacent
domaing and the modes4), (5), and (6) are optic modes
(ém, components out of phase between adjacent dornains

It must be underlined that the zero-field spectra of dy-
namic susceptibility depend strongly on the location of the
sample in the phase diagram as reported in Ref. 19. For a
low-Q sample(see poinB in Ref. 19, complicated dynamic
susceptibility spectra including an extended frequency re-
sponse and the existence of a fine structure, mainly observed
for they andz configurations, are obtained. The strong non-
uniformity of static and dynamic effective fields is respon-
sible for such dynamic susceptibility spectra. In contrast, a
higherQ sample(see pointA in Ref. 19 exhibits dynamic
susceptibility spectra with well-located resonances. A first
study of the influence of the quality fact@r(by varyingKy,)
and the reduced thickness\ (by varyingt) on the features
of susceptibility spectra allows us to point out some rulgs:
the resonance frequencies of the main modes increase with
increasingQ (at constant/A); (ii) the predominant suscep-
tibility response obtained for the configuration(case of a
low-Q sample transforms into responses of equivalent levels
for the three configurations &3 increasegat constant/A);
(iii) asQ increasegat constant/A), the number of peaks of
the fine structure diminishes and, finally, the fine structure
disappearsjiv) for a given lowQ factor, the number of
peaks of the fine structure increases with increasing thickness
while their linewidths decrease. A more systematic study is
necessary to generalyze these tendencies.

C. In-plane field dependence of dynamic susceptibility spectra

In this section, the effect of an in-plane magnetic field
applied along the stripe directiohi,, on the different mag-

of the stripe domains. A color code is adopted for imaging theNetic excitations is investigated.

longitudinal (or z) componenthigh levels in red and low levels in

Figure 4 displays the calculated evolutions of the stripe

green. (b) Corresponding dynamic susceptibility spectra for the periodP, and of thez component of the static magnetization

three pumping configurations; y, andz. (c) |dm| for modes(1),
(2), (3), (4), (5), and(6) (high levels in red and low levels in blue

averaged over the periodic céhn,) as functions oH,. As
the field value increase®), decreases. Such a profile was
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FIG. 4. In-plane field dependences of the stripe peRgdsolid
line) and of thez component of the static magnetization averaged
over the whole periodic cefm,) (dashed ling The in-plane dc
magnetic fieldH, is applied along the stripe direction. The mag-
netic parameters correspond to those of p&int

measured using soft x-ray resonant magnetic scattering for
FePd films with an intermediat®- factor’® As expected,
(m,) increases withH,. The saturated statém,)=1 is
reached for the field valud,= 2.2 kOe. The imaginary part

of the susceptibilityy” in the (field, frequency plane is re-
ported in Fig. 5 for the three configurations of intergst
configuration in Fig. B), y configuration in Fig. &), andz
configuration in Fig. &)]. For thex configuration, increas-

ing field produces a shift of the main resonaritgtowards

the high frequencies and a decrease of the peak intensity. The
second resonanc€?) disappears rapidly with increasing
field. For they configuration, the intensity of the resonance
(1) is approximately constant as a function of the applied
field. The resonanceg®) and(3) visible at low and interme-
diate fields are strongly attenuated as the field increases. For
both x andy configurations, only the resonant® subsists (c)
above the in-plane saturation field and it corresponds to the 101
classical in-plane FMR. For theeconfiguration, the dynamic
response is more complex. The frequencies of the resonances
(4) and (6) do not vary monotonously with increasing field. .
In addition, their intensities decrease with increasing field. =
On the other hand, the behavior of the resonai®ds not

trivial. This excitation is very weak at low fields: then, its
intensity grows and passes through a maximum at interme- 0
diate fields before disappearing at higher fields. As expected

in the linear regime, no magnetic excitations exist in the ﬁ,% 3000
saturated state for theconfiguration ¢h Il H,). The disper- (oY

sion curves, frequency versus in-plane field for each mag-

netic excitation are reported in Fig. 6 by distinguishingthe ~ FIG. 5. Imaginary part of the calculated dynamic susceptibility
andy configurationgFig. 6@)] and thez configuration[Fig. ~ X" as a function of the in-plane dc magnetic fi¢l and of fre-
6(b)]. In the former case, the frequencies of the three excitaduency for pointP: (&) x configuration,(b) y configuration, and
tions increase with increasing field. The evolution is linear(©) Z configurationH, is along the stripe direction.

for resonancél) except at low fields. For the resonan¢2s

and (3), their dispersion curves show curvatures, more pronously with increasing field. Last, the frequency of the reso-
nounced for the resonand@). In the latter case, the fre- nance(6) decreases with increasing field, passes through a
quency of the resonandd) increases with increasing field, minimum, and then increases for higher fields. These last
passes through a maximum, and then decreases for highfratures indicate the possible existence of mode coupling.
fields. The frequency of resonancB) increases monoto- The dispersion curves of the resonan¢ds (5), and (6)
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' ' seem to repel each other in order to avoid the crossing points

20 [ (a) 8 i which gives rise to frequency gaps. Such behaviors were
2 observed in garnet films with a perpendicular anisotropy. In
particular, the coupling between the domain wall resonance

and the two domain mode resonances in the presence of an
in-plane dc magnetic field was analyzed in detait In our

case, the existence of three resonance branches makes the
dispersion curves more complex. Moreover, it is instructive
to compare these dispersion curves with those computed
from the domain mode ferromagnetic resona(@M-FMR)
model® It must be borne in mind that this analytical model

is based on the assumption of a laQdactor leading to a
static magnetization configuration with alternatively up-and-

6 ] down uniformly magnetized domairjalong they axis). The

T — dispersion curves of the two domain modes predicted by the
Saof 5 ] DM-FMR model and denoted, respectively,” (acoustic
é’ ________ RSN character and v~ (optic characterare reported in Fig. 6.
g // h Two comments can be made(i) the resonance frequency
g0 H _ of the acoustic mode™* is close to that of modél) except
i sat at low fields. ForH,>1000 Oe, the DM-FMR model pro-

» 4 vides a very good approximation of the resonance frequency

0 . . . of mode(1); (ii) the dispersion curve of the optic mode
0 1 2 3 cannot be associated with any of the dispersion curves com-
Field (kOe) puted by the numerical micromagnetic model.

The in-plane field dependence of the main modgs(4),
(5), and (6) is displayed in Fig. 7. For mod€l), |6m| be-
comes more and more uniform &k, increases, and in the
FIG. 6. In-plane dispersion curves, frequency vs applied magyicinity of the in-plane satur'ation fielth sy, |5m| is near.Iy

netic fieldH,,, for the six magnetic excitations computed by the 2D constant through the sampl-plane FMR. This behavior
dynamic micromagnetic modésolid lines: () x andy configura- ~ €Xplains why the DM-FMR model assuming a uniform
tions and(b) z configuration. The in-plane saturation fidld,is on ~ acoustic mode is relevant at high fields. A striking feature
the order of 2.2 kOe for poirfe. The in-plane dispersion curves of appearing in Fig. 7 is the change of mode structure as the
the two domain mode&cousticw™ and opticw ™) calculated by ~ field increases. Mod&t) corresponding to a surface mode at

the DM-FMR model are also reportédashed lings zero field becomes a volume mode at high fields. Conversely,
00e 500 Oe 1000 Oe
FASAYASAY F—mms——m VT .
. |
AN AaFON: il EE a
e 8]

e

= (O

e ==
N N —.res.

FIG. 7. (Color) In-plane field dependence of the main mo¢Bs(4), (5), and(6) for pointP. The in-plane dc magnetic fiel, is applied
along the stripe direction. The color code is the same as in Fig. 3.
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FIG. 8. Effect of the anisotropy constalit, on the dispersion
curves, frequency vs reduced fiettl, /Hg,, for the six magnetic
excitations: (a) x andy configurations andb) z configuration.
Ky=2.4x10° erg/cn? (solid lineg and K,=3.2x10° erg/cn?
(dashed lines The other physical parameters are those of pBint

FIG. 9. Effect of the exchange constafiton the dispersion
curves, frequency vs reduced fieltl,/H,, for the six magnetic
excitations: (a) x and y configurations(b) z configuration. A
=0.7x10 % erg/cm (solid lineg and A=10 ®erg/cm (dashed
lines). The other physical parameters are those of pBint

the volume mod¢6) is transformed into a surface mode with hersion curves for the resonandds, (2), and (3) are less

increasing field. Such a mode conversion correlates with thSronounced folk ;= 3.2x 1P erg/cni. In the same manner,
existence of mode coupling as observed in the dispersiothe effect of the exchange strength on the field dependence of
curves for thez configuration. On passing through the field the dynamic susceptibility was studied. Two values of the
region of coupling, the structure of mode4) and (6) i exchange strength were consideredi=0.7x 10 erglcm
interchanged. A similar phenomenon exists between the twg,qa=10"6 ergl/cm, the other parameters being unchanged.
domain mode resonances in gamet films with a perpendicy=or 5 given field value, an enhancement/ofeads to an

lar anisotropy:* At low fields, mode(6) is nearly uniform in - jcraase ofm,) and a slight increase d®,. The in-plane
the core of domains and resembles the uniform optic modgayration field corresponds, respectively, Hg,= 2.2 kOe

o~ . For mode(5), asymmetrical variations dém| are ob- . A —0.7x 10 %erg/cm and H,,=1.75kOe for A
served for all the field values. In the field region of coupling, _ 1 5-6 erg/cm. Figure 9 displays thsgtdispersion curves com-
the high values of ém| are no longer limited to the film .+ q forA=0 7% 10~ and 10°® erg/cm. For resonand@)

surfaces, but extend through the film thickness. In order tq;,o slope of the dispersion curve is changed by varying the
investigate the effect of the uniaxial anisotropy on the ﬁeldexchange constant. For the resonan@s(3), (5), and(6)
dependence of the dynamic susceptibility, micromagneti¢he jncrease oft leads to a shift of the dispersion curves

computations were performed by replacingy=2.4  (5yards higher frequencies. The resonafds weakly af-
x 10 erg/cn? by Ky=3.2x10° erg/cn?, the other param- tacteq by the variation oA.

eters being unchanged. For a given field value, the enhance-
ment ofK, leads to a decrease @i,) and a slight increase
of Py. The in-plane saturation field corresponds, respec-

tively, 10 Hga=2.2KOe fork,=2.4x 1(,)6 erg/ent and Hey, The microwave poweP, absorbed by a sample of vol-
=3.4kOe forKy=3.2x10°erg/cn?. Figure 8 shows the |, \a\/ from the rf magnetic field is defined By
dispersion curves, frequency versus the reduced field

H,/Hgy for Ky=2.4x10° and 3.2 10° erg/cn?. The in-
crease oK, induces a shift of the dispersion curves towards
higher frequencies for all the resonances. This shift is more
important for the resonand®) and reaches 5 GHz at zero
field where this resonance is identified as a nearly homogeAssuming a harmonic time dependence dorand ém and a
neous volume mode. In addition, the curvatures of the disuniform exciting fieldsh, the power absorbed per unit vol-

lll. IN-PLANE FMR SPECTRA

P,= deﬁh dm 8
a— v rf'a . ()

time average
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resonance$4) and (6) is due to their respective frequency
linewidths, their dispersion curves being not intersected at 14
and 20 GHz, respectively.

These theoretical results can be discussed in light of some
available FMR data. First, experimental in-plane FMR spec-
tra were reported on a FePd thin film over the frequency
range 6—18 GHz2’ The FePd thin films were prepared using
molecular beam epitaxy under ultra high vacuum (1Pa).

The growth procedure consists in a deposition of alternate
atomic layers of pure Fe and Pd at room temperature.
These films possess a directional short range chemical
order® responsible for a moderate perpendicular magnetic
anisotropy(uniaxial type on a macroscopic scale. The oc-
currence of a well-organized periodic stripe domain structure
above a critical thicknesg,~30nm has been checked by
zero-field MFM measurement8.The magnetic parameters
of the selected sample deduced from vibrating sample mag-
netometefVSM) and FMR measurements are quite close to
those of point P (47Mg=13190G, Ky=24

x 1P erg/cn?). The film thickness ig=50nm. The zero-
field stripe periodP, is estimated to be 110 nm from MFM
images which is consistent with the computed vaRg
=109nm assumingA=0.7x10 ®erg/cm. The gyromag-
netic ratio y is equal to 1.8%10"Oe 's™. The Gilbert
damping parameter determined from the frequency depen-

FIG. 10. Theoretical derivative in-plane FMR spectra for thedence of the perpendicular resonance field associated with

three pumping configurations at 14 GHa) and at 20 GHzb).

Case of pointP.

the uniform precession modsaturated stajecorresponds to
a=2x10"2
FMR measurements were performed by using a highly

ume at the frequenckin the presence of the in-plane dc Sensitive wideband resonance spectrometer with nonresonant
magnetic fieldH, takes the following form:

P.(f,H,)=mfx"(f,H,) éhz.

microstrip transmission line described elsewh&r&. This
alternate technique with respect to the conventional resonant
cavity measurements appears more appropriate for investi-
gating the frequency dependence of magnetic resondhces.
The dc fieldH, was applied along the stripe direction.

Figure 11 shows the comparison between the theoretical

Knowing the frequency and in-plane field dependences ofno fitting parametejsand experimental in-plane dispersion
the susceptibility from dynamic micromagnetic simulations,curves. The field evolution of the experimental low-
the theoretical absorbed power can be determined. Accordinfgequency signalcircles, Fig. 11a)] coincides with the com-

to the experimental in-plane FMR spectra, the derivativeputed one for the resonancg). A fairly good agreement is
power absorptiod P, /dH, is computed as a function éf, . found between the field dependence of the experimental
As an illustrative example, Fig. 10 displays theoretical de-high-frequency signdltriangles, Fig. 1db)] and the theoret-
rivative in-plane FMR spectra at 14 GHgig. 10a)] and at ical resonance4) for H,<800 Oe. At higher fields, the ex-

20 GHz[Fig. 10b)] for the configurations, y, andz. For  perimental resonance frequency continues to increase, while
each frequency, the spectrum is computed with a field steghe micromagnetic computations predict a decrease of the
AH,=1000e. A refinement XH,=200e) is performed resonance frequency with increasing field. In addition, the
around the detected resonance lines. At 14 GHz, only thapparition of an experimental weak resonalisguares is
resonancel) is observed for thex configuration. Its reso- not reproduced by the micromagnetic computations. An ex-
nance field is slightly lower than the in-plane saturation field.planation can be advanced for interpreting these disagree-
For they configuration, the resonandd) clearly appears. ments. It was shovffi that this FePd film exhibits a standing
The resonanc€) corresponds to the small oscillation visible spin-wave spectrum in which the mode separations approach
aroundH,=600 Oe. The weak zero-field microwave absorp-a linear variation in the mode number. This behavior reflects
tion is due to the resonand8). At 14 GHz, only the high- the existence of a volume inhomogeneity in the internal mag-
field side of this resonance is detected. For zfeonfigura- netic properties. A weak thickness dependence of the
tion, the two weak signals correspond, respectively, to thainiaxial anisotropy induced by the growth procedure seems
resonance#4) and(5). At 20 GHz, the in-plane FMRreso- to be a possible source volume inhomogeneities for this
nance(1)] appears for thex andy configurations. For the  sample. The thickness dependencd&gfcould play a major
configuration, the low-field signal corresponds to the reso+ole in the field region of coupling where the transformations
nance(6). It must be underlined that the observation of thebetween surface and volume modes odsee Sec. Il Cand,
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' ‘ ' tions indicate that three main resonances exist and that this
experimental line could be identified with the strongly non-
uniform mode(4) whose dispersion curvéFig. 6) largely
differs from the one associated with the mode. Such a
disagreement, reveals the limits of the DM-FMR model for
describing the dynamic response of magnetic films with a
moderate perpendicular anisotropy.

Second, rich in-plane FMR spectra in @11) thin films
were also publishetf In the phase diagram, the coordinates
of the selected sample af@.5,32 for A=10 ®erg/cm. The
larger value ofQ with respect to our poinP leads to a shift
of the dispersion curves towards higher frequencies. Among
the reported multiple magnetic excitations, a resondiee

~ 6 beled(5) in Ref. 16| is experimentally observed at 22.3 GHz
(:E — in the low-field region when both the rf and dc fields are
;20 i 1 parallel to the stripe direction. Based on our computations,
o ik oat 5 this line could be associated with the resonaf®ewhich is
o s e " shown in Fig. 11 for the spectrum computed at 20 QEz
Twle § configuration.
LIL. sat
4
l IV. CONCLUSION
%% 1 2 3

. A 2D dynamic micromagnetic code was used for investi-
Field (kOe) gating the magnetic excitations of perpendicular anisotropy
thin films with a weak stripe domain structure. The theoret-

plane dispersion curves:(a) x andy configurations andb) z con- ical zero-field d%nlangg Séjacept'b”'t)l/ spectra over the fre-
figuration. The experimental in-plane FMR data were reported jpjuency range U.1- Z reveal numerous resonances

Ref. 17 and correspond to a FePd thin film whose magnetic paraMthse number and_ resonance frequencies qepe”d ,on the di-
eters are close to those of poidt rection of the rf exciting field. A modal analysis permitted us

to correlate these resonances with spin regi@mains,

consequently, could affect the dispersion curves of the modeBloch and Nel domain walls, etg.of the stripe domain
(4), (5), and(6). Further information on the anisotropy pro- structure. The evolution of these magnetic excitations in the
file across the film thickness and the introduction of such amresence of an in-plane dc magnetic field applied along the
inhomogeneity into the dynamic micromagnetic simulationsstripe direction was studied in detail. The dispersion relation
seem to be necessary to gain a better understanding. in the (field, frequency plane was computed and pointed out

It is worth noting that these experimental data were precomplex behaviors. In particular, mode couplings might exist
viously analyzed by means of the DM-FMR model in Ref. between the three resonance branches when both the rf and
17. The field dependence of resonance frequencies associatgel magnetic fields are parallel to the stripe direction. From
with the two high-intensity signalécircles and triangles in  the field and frequency dependence of the dynamic suscep-
Fig. 11) was fitted with the resonance conditions of the twotibility, the theoretical in-plane FMR spectra were deter-
domain modes. The stripe peri®g was considered as a free mined for the three main pumping configurations. As exem-
parameter. As a result, the experimental dispersion curvegslified, a first analysis of experimental in-plane FMR spectra
were correctly reproduced by these analytical expressionwas performed with the help of the dynamic micromagnetic
provided P, decreases rapidly asl, increases[Po(H, simulations, making possible the assignment of some mag-
=0)/Po(H,—Hgsa) ~4]. However, micromagnetic simula- netic excitations. Further comparisons with experimental
tions (see Fig. 4 show thatP, decreases much more slowly FMR data on thin magnetic films with different locations in
with H, [Po(H,=0)/Po(H,—Hga)~1.4]. In fact, the main  the phase diagram should be of a great interest. Beyond the
difficulty, also reported in Ref. 16, arises from the fit of the case of the weak stripe domain structure, the dynamic micro-
high-intensity signal for the configuration(triangles in Fig. magnetic simulations offer a path for interpreting complex
11) with the dispersion curve of the mode , even at low FMR data in the unsaturated state inaccessible to conven-
fields. For thez configuration, the micromagnetic computa- tional analytical models.

FIG. 11. Theoreticalsolid lineg and experimentalpoints in-
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