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Abstract. FMR investigations on epitaxial partially ordered FePd thin films with a perpendicular
magnetic anisotropy (PMA) are presented. The measurements have been performed over a wide frequency
range (6-18 GHz) in the multidomain state where a weak-stripe domain structure exists. Parallel FMR
measurements exhibit three magnetic excitations. Their dispersion curves, frequency versus resonance field,
and the frequency dependence of the related resonance linewidths are reported. It is shown that the reso-
nance fields and linewidths increase with frequency. For the two main modes identified with domain modes,
these behaviors are correctly described by the Domain Mode Ferromagnetic Resonance (DM-FMR) model.
Especially, the DM-FMR field-swept linewidth expressions assuming a Landau- Lifshitz-Gilbert-type re-
laxation have been derived and compared satisfactorily with the experimental data. The physical origin of
the third excitation is discussed in terms of domain wall and spin-wave modes.

PACS. 76.50.+g Ferromagnetic, antiferromagnetic, and ferrimagnetic resonances; spin-wave resonance —
75.50.-1 Studies of specific magnetic materials — 75.30.Kz Magnetic phase boundaries (including magnetic

transitions, metamagnetism, etc.)

1 Introduction

In the recent past years, continuing interest in spin
dynamics of unsaturated ferromagnetic thin films has
been motivated by the observation of new resonance
modes [1-4]. These modes have been investigated by
means of two common experimental methods: mea-
surements of microwave initial permeability and Fer-
romagnetic Resonance (FMR) experiments. Concern-
ing the former technique, the existence of multiple
narrow resonances in frequency permeability spec-
tra has been reported in amorphous Co-Nb-Zr [1]
and Co-Fe-Zr [2] thin films exhibiting a weak PMA. These
excitations have been attributed to domain modes and
spin-wave modes [1,2]. In both cases, the occurrence of
multiple resonances is closely related to the presence of
fine stripe domains (weak-stripe type) with an aspect ra-
tio Py/t ~ 1 (Pp is the stripe period, and ¢ is the film
thickness).

Concerning the FMR technique, Ebels et al. [3,4]
described recently FMR experiments for perpendicu-
larly magnetized Co (0001) thin films supporting a
nanoscale strong stripe-domain structure with Py/t ~ 2.
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Complicated FMR spectra with a series of modes have
been also observed.

In this present work, we report wide band (6-18 GHz)
FMR experiments on a FePd thin film having a moderate
PMA. Indeed, such a film with an in-plane easy axis but
also a PMA may exhibit spontaneously a parallel stripe
domain configuration. The experimental data are analyzed
from the DM-FMR model [5] as a first approach.

2 Sample preparation and magnetometry

The sample was prepared using Molecular Beam Epitaxy
under Ultra-High vacuum (1077 Pa). A 2 nm seed layer of
Cr was deposited onto a MgO (001)-oriented single crys-
tal substrate in order to allow the epitaxial growth of a
60 nm single crystal Pd buffer layer. After 10 minutes an-
nealing at 700 K, a 50 nm thick FePd alloy layer having
the (001) growth direction was deposited at room tem-
perature using a mono-layer (ML) by mono-layer growth
method in order to induce a chemical order similar to the
one found in the tetragonal structure L1g [6,7]. The mul-
tilayer (FeimrPdimr)iso was then capped with a 2 nm
thick Pd layer in order to prevent oxidation. A detailed
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Fig. 1. The normalized magnetization component parallel
with the applied magnetic field, M/Ms, vs. applied magnetic
field. (//) field applied in the specimen plane, M /M measured
using a vibrating sample magnetometer. (L) field applied per-
pendicular to the specimen plane, M/Ms measured using the
polar Kerr effect.

study of the structure of the sample using X-ray diffrac-
tion and EXAFS is reported elsewhere [8]. These investiga-
tions have shown the existence of a weak long range order
and a large directional short range order, corresponding
to an anisotropy of the chemical order in the first coordi-
nation shell. Due to this structural anisotropy, a magneto-
crystalline anisotropy is expected.

The magnetization curves were measured using a vi-
brating sample magnetometer (VSM) for the in-plane
measurements and using polar Kerr effect magnetometer
for a perpendicular applied magnetic field. The normal-
ized curves M/Ms(H) presented in Figure 1 reveal that
the easy axis of the sample lies in the plane of the layers.
The saturation magnetization and the uniaxial anisotropy
constant associated with the PMA were both estimated
from VSM measurements: My = 1050 (£15%) emu/cm3
and K, = 2.6 x 10%(£25%) erg/cm®. The value of the
uniaxial anisotropy constant has also been extracted from
FMR measurements performed in the saturated state [9]
together with the gyromagnetic ratio v giving Ky =
2.14 x 10% erg/cm? (in good agreement with the VSM re-
sults) and v = 1.85 x 107 s~'Oe~!. The above value of K,
leads to a quality factor, Q@ = 0.4+0.1 (Q = Ky/2mM3).
In this kind of material having a weak PMA the so-called
weak-stripe structure [10] appears only above a critical
thickness h.: for h < h. the magnetization lies in the plane
of the layer, while for h > h¢, an instability of the magne-
tization gives rise to periodic undulations of the magneti-
zation vector out of the plane of the layers. For a quality
factor of about 0.4, it has been shown experimentally that
the critical thickness is about 30 nm [11].

The occurrence of a stripe structure has been checked
by MFM and the results is shown in Figure 2. The
measurements were performed using a Nanoscope Illa
from Digital Instruments, using the ac mode. The images
demonstrate clearly the existence of a well-organized pe-
riodic stripe structure. The period has been estimated to
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Fig. 2. 2 pm x 2 pm zero-field MFM image showing nearly
periodic parallel stripes. The stripes are aligned along the di-
rection of the last applied dc magnetic field within the plane
of the sample. The film thickness is 50 nm and the period has
been estimated to be 107 nm.

be 107 nm from a Power spectrum density analysis on a
larger image in order to improve the statistics. The weak-
stripe character of this magnetic structure has also been
confirmed by Mdéssbauer measurements [12] on the same
sample.

3 FMR in the unsaturated state

A previous FMR study in the saturated state on the same
sample has been reported in reference [9]. In this sec-
tion, the parallel FMR with an applied dc field H”/, less

than the parallel saturation field HS// , and oriented along
the stripe direction is considered. FMR experiments were
conducted over the frequency range 6-18 GHz using a
highly sensitive wide band resonance spectrometer with
non-resonant microstrip transmission line [13].

3.1 A brief review of magnetic excitations
of a stripe-domain structure

Firstly, it is fruitful to refer to the many works devoted
to magnetic excitations in garnet films having a perpen-
dicular magnetic anisotropy supporting parallel stripe do-
mains. It is well-established that mainly two types of
magnetic excitations can exist in such a magnetic struc-
ture: (i) Domain Mode Ferromagnetic Resonance (DM-
FMR) which corresponds to FMR within the domains
[14]. These modes are mainly excited by an rf mag-
netic field Ay in the film plane. The stripe symmetry
permits two DM-FMR modes which are called w™ and
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wt according to Artman’s notation [15]. In the pres-
ence of an applied dc field H/ along the stripe di-
rection, the w™ or optic mode is excited by the com-
ponent of hy parallel to H/ and the wt or acoustic
mode by the component of h,¢ perpendicular to H//;
(ii) Domain Wall Resonances (DWR) which correspond
to collective modes of domain wall vibrations [16,17].
These modes are excited by h,¢ parallel to the easy axis of
magnetization. From these previous studies, some results
concerning DM-FMR and DWR can be reviewed: (i) The

slope of the dispersion curve, frequency versus H g , H g
is the parallel resonance field, strongly depends on the Q-
factor for the w* mode. For magnetic garnet films with

high @Q-values (Q > 1), H 1/2/ decreases as the frequency

increases [5]. For intermediate Q-values (Q ~ 0.5—1) H g
is found to be nearly constant with frequency [18,19]. For

low Q-values (Q ~ 0.2), H 1{2/ increases with frequency [20].
The parallel FMR is observed as a continuation of the
wT mode. The w™ resonance field decreases as frequency
increases for these data with @ > 0.2. (ii) The DWR
fields increase with frequency for the reported data with
Q > 0.6 [18,19,21,22]. In addition, for high and inter-
mediate Q-values, the fundamental DWR occurs at lower
frequency than the DM-FMR [18,19]. In contrast, for low
@-values the fundamental DWR is observed at higher fre-
quency than the DM-FMR [20]. (iii) These experimen-
tal behaviors have been analyzed by using the extended
Smit and Beljers model [23] (denoted DM-FMR model) for
the DM-FMR modes, the well-known harmonic oscillator
model [24] for the fundamental DWR mode or a hybridiza-
tion of these two models [5,19]. Although, these models
assume a large Q-factor and are based on the existence of
perpendicular alternatively up and down stripe domains
with magnetization constant within the domains, a sat-
isfactory description of experimental evolutions is found
for intermediate [18,19] and sometimes even for low-Q
values [20].

By neglecting the coupling between the DM-FMR
and DWR modes, the DM-FMR resonance conditions for
the w™ and w' modes in the presence of H/ are given
respectively by [5]:

92=<1—p><1+2<r—p>>(1—(1”_;p)2), 0

and
: w2
°=(1-p <l—p+ 27"—1), 2
(1-p) TE@ D). ®
w Nzz 1 Hé‘/ﬁ*/+
where @ = m5sg) P = 755 T = 2g0 bt = Ting

with Hlé/’f (resp. Hlé/’+) is the resonance field for the w™
mode (resp. w' mode).
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Fig. 3. Experimental FMR derivative spectra: (a) f = 8 GHz;
(b) f =11 GHz; (¢) f = 14 GHz, (d) f = 18 GHz. The applied
dc magnetic field is along the stripe direction.

The demagnetization factor Nzz (H//) is related to
the stripe period Py (H//) by the relation [25]:

32 P(H/) X 1 sinh (V)
Ny (H/)= 22207 /N~ —
z2(H") 72t Zd(; n3 sinh(V') + \/frcosh(V)’

3)

where V = %, t is the film thickness, and p =~ 1+1/Q
is the rotational permeability. In the usual calculations
of DM-FMR for high-Q materials, Py(H//) is computed
following the procedure of Druyvesteyn et al. [26].

The resonance condition for the fundamental DWR
mode in the presence of H/”/ deduced from the harmonic
oscillator model is defined by [5]:

o

w=1/—, (4)

where k(H//) is the restoring force and m(H//) is the do-
main wall mass.

3.2 Experimental results and discussion
3.2.1 Dispersion curves

Figure 3 reports FMR derivative spectra recorded respec-
tively at 8, 11, 14 and 18 GHz in the presence of an applied
planar dc magnetic field H/ parallel to the direction of
stripe domains. For frequencies lower than 10 GHz, one
mode (designated 1) is observed (curve (a)). For frequen-
cies ranging from 10 to 16 GHz, a second mode (desig-
nated 2) of weaker intensity than the first one appears
(curve (b)). The location of these two resonance lines
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Fig. 4. In-plane dispersion curves for the three observed ex-
citations. Experimental data are denoted by symbols; mode 1
(circles), mode 1" (squares) and mode 2 (triangles). The the-
oretical fits are represented by a solid line (w™ mode) and a
dashed line (w™ mode).

shifts towards higher fields with increasing frequency. Fur-
thermore, the linewidth of this second resonance peak in-
creases rapidly with frequency (curve (c)). Consequently,
this mode becomes difficult to observe above 16 GHz. It
is worth noting the existence of a subsidiary mode (desig-
nated 1’) located between the two main modes. This peak
is clearly observed in the reduced 12-16 GHz range (curve
(c)). For frequencies greater than 16 GHz, only the mode
1 is clearly observed which merges into the uniform par-
allel FMR at 18 GHz where the resonance field exceeds
the parallel saturation field (curve (d)). The dispersion
curves of frequency versus the parallel resonance field for
the three excitations is shown in Figure 4. Since for our
film @ ~ 0.4, it is tempting to use the concept of DM-
FMR and DWR as a first approach. From the discussion
of Section 3.1., it seems reasonable to identify the mode 1
with w™. In order to determine the nature of modes 1’ and
2, the DM-FMR conditions (Egs. (1, 2)) have been com-
puted. However, to account for the discrepancy, as it may
be seen below in Figure 5, between the experimental value
of Py/t at zero field and the theoretical one deduced from
the Druyvesteyn’s model, we decided to consider P, as a
free parameter. The best fit is reported in Figure 4. It ap-
pears that the experimental dispersion curves of the modes
1 and 2 are correctly described by the DM-FMR theory.
The above results suggest that one identify the mode 2
with w™. Nevertheless, the gap between the modes 1 and
2 are overestimated by the theory. The best fit obtained
from the data for Pit(H//)/t is plotted in Figure 5 and
compared with those computed by the Druyvesteyn pro-
cedure for three realistic values of A; 5x10~7, 1x 105 and
1.5 x 1076 erg/cm. It is noted that P/t decreases more
rapidly with increasing H/ than the three straightfor-
ward calculated profiles. Such a variation of P/t reflects
the existence of an important distortion of the domain
structure with respect to the idealistic parallel stripe do-
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Fig. 5. Variation of the aspect ratio Py/t as a function of the
applied dc magnetic field along the stripe direction. The best
profile P /t corresponding to the data of Figure 4 is given
by the solid line. The dashed lines represent the evolutions of
Py/t deduced from the Druyvesteyn’s model (high @Q-limit) for
three values of A.

mains considered in the DM-FMR theory. As expected for
a relatively low-@) material, the probable presence of clo-
sure domains, the presumed non-uniformity of the mag-
netization inside the domains and the existence of non-
vanishing thickness domain walls with a complex internal
structure could explain this behavior.

Concerning the mode 1/, two interpretations can be
advanced. First, according to reference [4], the mode 1’
could be attributed to the fundamental DWR. Although,
the evaluation of the resonance condition (Eq. (4)) taking
into account the profile Pfit(H//)/t yields the presence of
DWR beyond 15 GHz, this calculation is based on the
hypothesis of a pure Bloch-wall. In low-@Q materials sup-
porting a weak-stripe domain structure a more compli-
cated domain wall structure is expected which can deeply
modify the DWR dispersion curve. Second, the existence
of a spin-wave mode with an optic character [3] could also
be proposed. Indeed, the experimental field separations
dHexp between the modes 1 and 1’ appear approximately
independent of frequency and dHeyxp = 600 Oe. The the-
oretical field separations calculated by assuming the exis-
tence of spin-wave modes quantized across the film thick-
ness as well as the domain width Py /2 is given by [3]:

24 n'2 —n? 4 0 iy 9
6H(n,m)7(n’,m’) = ﬁsﬂ- (T + P—OQ(m —m ) 5

()

where (n, m) and (n’, m') are the mode numbers,
n, m, ', m’ odd integers. Assigning the mode (1,1) to
the peak 1 and taking A = 107% erg/cm, ¢ = 50 nm
and Py/2 = 53.5 nm (the largest value, Py = Py(H/ =
0)) this leads to 6H (i 1)—(n/,m) > 5000 Oe whatever
are n’ and m’/, much larger than the experimental shift
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Fig. 6. Peak-to-peak linewidths of the two main excitations
as a function of frequency. Experimental data are denoted by
symbols; mode 1 (circles), and mode 2 (triangles). The theoret-
ical parallel FMR linewidth AH’{C » = 2\;‘1—3‘: (saturated state)
is indicated by a dot-dashed line. The theoretical DM-FMR
linewidths assuming a Gilbert type of relaxation are repre-
sented by a solid line (w™ mode) and a dashed line (w™ mode).
a is equal to 2 x 1072,

0Hexp = 600 Oe. Solely by indexing the peak 1 as the fun-
damental mode (0,0) and the peak 1’ as the mode (1,0),
we obtain dH g 0)—(1,00 & 750 Oe which is of the same
order of magnitude as 0 Hqxp. Further investigations are
needed to confirm either interpretation.

3.2.2 Linewidths

The evolutions of peak-to-peak resonance linewidths for
the two main modes as a function of frequency are dis-
played in Figure 6. In both cases, an increase of resonance
linewidths with frequency is observed. Nevertheless, a sat-
uration of the resonance linewidth is noted for the mode 1
beyond 14 GHz while the resonance linewidth of the mode
2 continues to increase rapidly. First, it is instructive to
compare these experimental behaviors with the theoreti-
cal evolution predicted by the Gilbert form of relaxation
by assuming the sample in the saturated state. In this
case, the theoretical peak-to-peak parallel FMR linewidth

AHZZ p presents a linear evolution versus frequency [27]:
/2
AHp—p V3
ter, and assuming a Lorentzian shaped absorption curve.
This evolution computed with the value o = 2 x 1072 de-

duced from the experimental AHIf/_ p» at 18 GHz where the

sample is really saturated is indicated in Figure 6. It is ob-
served that the amplitude of variation of AH]Z/_ p 18 close
to the one of the mode 1. Second, the effect of the stripe
domain is considered under the approximation of the DM-
FMR theory. By introducing the damping parameter « in
the DM-FMR theory, the frequency-swept linewidths for

Zaw - where « is the Gilbert damping parame-
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the modes w™ and w™ are given respectively by:

h?
1—p]’
2

AL =« [2(1 —-p)+ (lfii"'p)z@r— 1)] .

The frequency-swept linewidths can be converted to
field-swept linewidths by using the relationship: Ah =
g—gAQ valid for 2 > Af2. One obtains the following
expressions:

AR =« [2(1 +7r)—3p— (6)

(7)

Ahy = mAD(ii, (8)
where
D_ = —j—z [3—1—27“—4])—1— %hﬂ
- (120 )
D, = % {—2(1 —p)+ %hi} + fﬁ*p(% - 1),

and the parameters p, h, r are defined according to
equation (2).

The theoretical curves AH]Z/_ p— and AH]Z/_ ot
(AH! . = Ahi4mMsQ/+/3) are plotted in Figure 6.
The slope dp/dh is computed from the profile Pit(H ) /t
reported in Figure 5 and a = 2 x 1072. As a result,
the DM-FMR theory including the a-type relaxation for-
malism reproduces correctly the increase of resonance
linewidths with frequency, in particular the rapid varia-
tion of the mode 2. It is worth noting that the frequency
dependence of AHg/_ .+ 18 close to the one of AHé/_ » Ob-
tained by assuming the sample in the saturated state. The
quantitative discrepancies between the experimental and
theoretical linewidths are probably due in part to the dis-
crepancies between the experimental and theoretical dis-
persion curves (Fig. 4). This comparison seems to con-
firm the assignment of the modes 1 and 2 to DM-FMR
modes. However, the observed saturation of the resonance
linewidth for the w® mode is not explained by the model.
Concerning the mode 1/, the determination of the reso-
nance linewidth is less accurate due to the weak intensity

AH' ., = (190 + 40) Oe at

p—p,1’
14 GHz, and an increase of AH;/_ p.1» With frequency of
comparable rate to the one of the peak 2 seems to exist.

of the signal. Typically,

4 Conclusion

In this work, magnetization dynamics and relaxation in
epitaxial FePd thin films with a perpendicular anisotropy
have been investigated in the frequency range 6-18 GHz.

FMR measurements in the multidomain state have
revealed the existence of three magnetic excitations.
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The simple DM-FMR model allows us to reproduce satis-
factorily the frequency dependence of the two main modes
(mode positions and linewidths), thus confirming the pro-
posed attribution of these lines. In particular, the fre-
quency evolution of linewidths is correctly described by
the expressions of DM-FMR linewidths that have been
established using the Landau-Lifshitz-Gilbert relaxation
term.

This first approach has been chosen due to the lack of
precise informations on the real magnetic domain struc-
ture. Further investigations by means of analytical models
and numerical micromagnetic simulations are in progress
to improve our knowledge of the static magnetization dis-
tribution. In addition, two possible attributions (domain
wall or spin wave) have been advanced for the third ob-
served mode. However, its physical origin is not yet clear.
From an experimental point of view, FMR studies in FePd
thin films with different @-values would be of a great
interest especially for interpreting the third mode and
confirming either interpretation
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