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ABSTRACT

An original approach to tune the ferromagnetic resonance frequency of a soft magnetic Ni80Fe20 (Permalloy ¼ Py) film with in-plane mag-
netic anisotropy (IMA) based on the controlled coupling to a hard magnetic NdCox film with perpendicular magnetic anisotropy (PMA)
through a nonmagnetic Al spacer is studied. Using the transverse magneto-optical Kerr effect (T-MOKE), alternating gradient magnetometry
(AGM), and vector network analyzer ferromagnetic resonance (VNA-FMR) spectroscopy, the influence of both the Co concentration and
the Al spacer thickness on the static and dynamic magnetic properties of the coupled IMA/PMA system is investigated. Compared to a single
Py film, two striking effects of the coupling between IMA and PMA layers can be observed in their FMR spectra. First, there is a significant
increase in the zero-field resonance frequency from 2.0 GHz up to 6.4GHz, and second, an additional frequency hysteresis occurs at low
magnetic fields applied along the hard axis. The maximum frequency difference between the frequency branches for increasing and decreas-
ing magnetic fields is as high as 1GHz, corresponding to a tunability of about 20% at external fields of typically less than670mT. The origin
of the observed features in the FMR spectra is discussed by means of magnetization reversal curves.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5104341

The magnetic properties of thin films and multilayers exhibiting
stripe domains have been investigated extensively in both experiment
and theory since their discovery more than half a century ago.1 In
recent years, research results on stripe domains have triggered the
prospect of employing their unique properties in future microwave,
magnonic, and spintronic devices with novel functionalities. The for-
mation of stripe domains is the result of energy minimization as well
as the competition between perpendicular magnetic anisotropy
(PMA) (K?) and shape anisotropy (

1
2l0M

2
S), which favor out-of-plane

and in-plane magnetization, respectively. The ratio Q ¼ 2K?=l0M
2
S ,

known as reduced anisotropy or quality factor,2 is commonly used to
describe the extent of stripe domains. For moderate (Q< 1) to weak
(Q � 1) PMA, the magnetization tends to lie in the plane, but above a
critical film thickness dcr, a ground state with stripe domains emerges.

The latter is characterized by a perpendicular magnetization compo-
nent alternating between up and down within a period k. The critical
thickness dcr is typically in the range of 20–40nm for moderate Q
value materials such as amorphous NdCo alloys,3,4 whereas for
materials like Py with small values of Q, generally larger values of dcr
¼ 170–300nm are found.5–8 Intimately linked to the presence of stripe
domains is the occurrence of a pseudouniaxial or rotatable anisot-
ropy,9,10 which is the result of the in-plane magnetization being
aligned along the stripe direction. The latter, however, is not fixed as it
can be reoriented by applying a saturating field along an arbitrary
in-plane direction. This particular property of stripe domains has
been shown recently to enable tunable and reconfigurable dynamic
magnetic properties11,12 even after sample preparation and hence in
contrast to other approaches of increasing FMR and spin wave
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frequencies in soft magnetic thin films.13–15 Another possibility to cre-
ate stripe domains in soft magnetic materials even far below the critical
thickness dcr stems from the coupling to another magnetic thin film or
multilayer stack exhibiting PMA. Here, the influence of the stray field
and exchange interaction on the soft magnetic layer has been shown
to lead to a multitude of intriguing effects such as, for example,
imprinted topological spin textures,16–18 deterministic propagation
of vortex-antivortex pairs,19 and spin wave propagation in domain
wall-like magnetic channels.20 Though magnetization dynamics of
stripe domains in uncoupled thin films has been studied exten-
sively,5–8,10,21–28 the dynamic magnetic properties of coupled IMA/
PMA systems have so far only been investigated in a few studies.29–31

In this letter, an original approach to tune the FMR frequency of
a soft magnetic thin film based on the controlled coupling of two mag-
netic films with different types of anisotropies, in-plane and perpen-
dicular, is investigated experimentally. Making use of the stripe
domains’ unique dynamic properties, a reconfigurable FMR response
at low magnetic fields has been achieved. A sketch of the samples
fabricated for this work is shown in Fig. 1(a). The central element is a
trilayer consisting of a 64 nm thick amorphous NdCox film with PMA
and a 10nm thick polycrystalline Py film with IMA, which are coupled
through a nonmagnetic Al spacer. The trilayer structure itself is sand-
wiched between Al seed and capping layers, all of which have been
grown on a Si/SiO2 substrate using magnetron sputtering. The mag-
netic properties of the coupled thin films can be controlled by two
independent parameters. On the one hand, varying the Co concentra-
tion (X¼ 5, 7.5, and 9) in the NdCox film allows the modification of
the strength of its PMA. A maximum has been found for X¼ 5,
whereas higher or lower Co concentrations lead to a gradually weaker
PMA, respectively.32,33 On the other hand, by adjusting the Al spacer
thickness (T¼ 0nm, 2.5 nm, 5 nm, and 10nm), the type of coupling
between the two magnetic layers can be set to either direct exchange
coupling (T � 1:5 nm) or stray field coupling (T � 2:5 nm). In
addition to the coupled bi- and trilayers, a series of reference samples,
consisting of a single 10 nm thick Py film as well as single 64 nm thick
NdCox films with varying Co concentrations X, has also been pre-
pared. For the remainder of this paper, the coupled bi- and trilayers
will be named according to their Co concentration and Al spacer
thickness as, e.g., X5T10 for a sample based on a NdCo5 film and a
10 nm thick Al spacer.

The static magnetic properties of the samples have been investi-
gated using the transverse magneto-optical Kerr effect (T-MOKE) and
alternating gradient magnetometry (AGM). In Figs. 1(b) and 1(c),
both in-plane easy axis (EA) and hard axis (HA) hysteresis loops of

single Py and NdCo5 films obtained by T-MOKE and AGM, respec-
tively, are shown. The magnetization reversal loops of the Py film
show the typical features of a soft magnetic material such as very low
coercivity, low saturation field, and, for the EA, almost perfect square-
ness of the loop. In contrast, the hysteresis loops of the NdCo5 film
show a much larger coercivity and a higher saturation field, as
expected for a high-anisotropy material. The reason for the higher
in-plane remanenceMr of the NdCo5 loop in the EA configuration is a
smaller out-of-plane component of the magnetization compared to
the HA configuration. Upon coupling these two magnetic films to
form either bilayers (without a Al spacer) or trilayers (with a Al spacer
of variable thickness) with crossed anisotropies, respectively, the
resulting magnetic properties are different from those of the individual
films, yet they do not simply constitute a superposition or averaging
due to the magnetic coupling between the layers. As an example,
in-plane EA hysteresis loops of the X5 sample series for all four values
of the Al spacer thickness measured by T-MOKE are depicted in Fig.
1(d). For the bilayer system with direct exchange coupling due to a
very thin Al spacer, the resulting hysteresis loop is very similar to that
of the single NdCo5 film. This indicates that the Py layer effectively
behaves like the NdCo5 film and can be considered almost as an exten-
sion of the hard magnetic layer. However, for increasing Al spacer
thicknesses, the magnetic coupling reduces, meaning that the Py acts
more and more as a soft magnetic film, which is important for its
dynamic behavior. The dynamic magnetic properties of the samples
have been investigated by means of room temperature broadband
vector network analyzer ferromagnetic resonance (VNA-FMR) using
the flip-chip method, in which the sample is placed upside-down on
top of a coplanar waveguide (CPW) with a 50lmwide center conduc-
tor. The VNA was operated in the frequency sweep mode, while an in-
plane dc magnetic field H, applied either along the EA or HA of the
samples, was swept in the following sequence: 0.3T ! �0:3T !

0:3 T in steps of 2.5mT. Prior to each measurement, the samples were
saturated with H¼ 0.9 T in order to ensure that at the beginning of
the actual FMR experiment, the dc magnetic field H is parallel and the
rf magnetic field Hrf, generated by the CPW, is perpendicular to the
magnetization, respectively. The magnitude of the forward transmis-
sion parameter S21 was used to extract the resonance frequencies f after
a reference spectrum, taken either at zero-field or H ¼ 6 0.3T, had
been subtracted from all of the recorded spectra. In Fig. 2, the f vs H
dependency for the dc magnetic field applied along the HA of the cou-
pled trilayers is displayed. In the upper row (a–c), the thickness of the
Al spacer T increases from the left to the right panel, while the Co con-
centration X varies for every fixed value of T in each of the panels.

FIG. 1. (a) Sketch of a coupled trilayer with arrows indicating the anisotropy directions in the magnetic films. (b) In-plane EA and HA hysteresis loops of a single 10 nm thick
Py film measured by T-MOKE. (c) In-plane EA and HA hysteresis loops of a single 64 nm thick NdCo5 film measured by AGM. (d) In-plane EA hysteresis loops of X5 series
samples for all values of the Al spacer thickness T measured by AGM.
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Accordingly, in the bottom row (d–f), the Co concentration of the
NdCox films increases from the left to the right panel, while the Al
spacer thickness T varies for every fixed value of X. As such, the same
data are shown in (a–c) and (d–f). For comparison, the HA FMR spec-
trum of a single 10 nm thick Py reference film has been included in all
panels. While it was not possible to detect any resonance modes in the
FMR spectra of single NdCox films or any of the directly exchange-
coupled bilayers with X< 9, respectively, all samples with a Co con-
centration of X¼ 9 displayed a discernible resonance mode originating
from their NdCo9 layer at most fields H < 60.3T. However, due to
the phenomenological damping and the correspondingly large line-
width in the PMA layer, the extracted resonance frequencies possess
large error bars, which is why these data are not discussed here.

However, the insertion of the Al spacer with its variable thickness
T leads to a gradual decoupling of the IMA/PMA stack, thereby effec-
tively enabling the observation of the FMR of the soft Py film, whose
magnetic properties are modified by the proximity to the hard NdCox
layer, resulting in both an induced rotatable anisotropy and a stripe
domain pattern. All FMR spectra in Fig. 2 show exactly one single res-
onance: either the uniform FMR mode in the case of the single Py film
or an acoustic mode in the coupled trilayers, which becomes the uni-
form mode when the samples are saturated and the stripe domains are
erased. The origin of the acoustic mode is the in-phase precession
of spins in adjacent stripe domains. It should be noted that for the
samples X9T2.5 and X9T5, a second mode with a lower resonance fre-
quency than the acoustic mode appears at magnetic fields smaller than
the ones at which the frequency branches split/merge, but its ampli-
tude is too small to allow for an extraction of the corresponding reso-
nance frequencies. At low fields, where the stripe domains in the
coupled IMA/PMA samples are nucleated, a significant deviation
from the single Py frequencies can be seen, which manifests itself
by two very distinct features. First, there is a strong increase in the
zero-field resonance frequencies from about 2.0GHz for Py up to a

maximum of 6.4GHz for the X7.5T2.5 trilayer, and second, there is
also a frequency hysteresis with differences between the two field
sweep directions as high as 1GHz in the case of the X7.5T10 trilayer.
Within the hysteretic part of the FMR spectra, the lower frequency
branch at negative fields and the higher frequency branch at positive
fields can be accessed when increasing the value of the applied mag-
netic field. Conversely, the lower frequency branch at positive fields
and the higher frequency branch at negative fields can be accessed
when decreasing the value of the applied magnetic field. Although the
hysteretic behavior of the f vs H dependency is a rather rare phenome-
non, it has been observed in a variety of materials including, e.g.,
exchange-biased bilayers,34 BaFe12O9 films,35,36 thick Py films,25,37

artificial spin ice,38 and patterned nanostructures based on Py.39,40

This effect allows the resonance frequency to be tuned as a function of
the magnetic history, leading to a reconfigurable functionality in a Py
film exhibiting stripe domains at a thickness of just 10 nm. From the
top panels (a)–(c) in Fig. 2, in which the results for samples with a
fixed Al spacer thickness are shown, it can be seen that an increase in
the Co concentration X in the NdCox alloys leads to a decrease in the
resonance frequencies due to its reduced PMA, resulting in a gradual
convergence of the frequencies within the hysteretic part of the spectra
to the frequencies of the single Py film. Similarly, as depicted in the
lower panels [(d)–(f)] in Fig. 2, an increase in the Al spacer thickness
for a constant Co concentration leads to a decrease in the FMR
frequencies and their gradual convergence toward the single Py film
frequencies. The reason for this is the weaker influence of the NdCox
stray field on the Py film with the increasing distance between both of
these films.

In Fig. 3, the simulated stripe domain pattern in a X5T2.5 trilayer
at remanence after saturation with a magnetic field applied along the
y-direction is depicted. In the NdCo5 layer,mz is alternatingly pointing
up or down, forming stripe domains of periodicity k that are separated
by Bloch walls in which my is maximum. In order to minimize the

FIG. 2. f vsH dependency of the coupled
trilayers for the in-plane dc magnetic field
H applied long the HA. In the top row
[(a)–(c)], the FMR spectra of trilayers hav-
ing the same Al spacer thickness (T) are
compared, whereas in the bottom row
[(d)–(f)], the results for trilayers with identi-
cal Co concentrations (X) are displayed.
In both rows, the values of X and T
increase from left to right, respectively.
For comparison, the HA FMR spectrum of
a single 10 nm thick Py film has been
added to each plot. Prior to each mea-
surement, the samples have been satu-
rated with an in-plane magnetic field
(H¼ 0.9 T) applied parallel to the HA,
which was then swept from 0.3 T !

–0.3 T ! 0.3 T during the actual FMR
experiment.
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stray field energy, the x-component of the magnetization forms closure
domains, indicated by black/white arrows pointing left/right, at both
top and bottom of the NdCo5 layer. This closure domain pattern is
also imprinted and hence extended across the thin Al spacer into the
Py layer, where regions with opposite values of mx are separated by
N�eel walls in whichmy is maximum. The replication of the weak stripe
pattern in the Py layer also leads to a transfer of the rotatable anisot-
ropy, allowing the Py film in the coupled trilayers to have a much
larger IMA than a single Py film. Moreover, it is interesting to note
that the lines of maximummy within the Bloch walls in the PMA layer
are shifted by k/4 with respect to the ones within the N�eel walls in the
IMA layer. In addition, it can be seen that the stripe domain periodic-
ity k in the Py layer is given by d1 þ d2 þ 2d, i.e., the sum of the width
of two closure domains (d1,2) with opposite magnetization (M1,2) as
well as the width of two N�eel walls (2d) separating them. Typical
values of k for single NdCox films as well as coupled IMA/PMA
samples are in the range from 145–180nm and 130–145nm, respec-
tively, as determined frommagnetic force microscopy images.

In the following, a possible explanation for the observed fre-
quency hysteresis will be discussed using the FMR spectra and magne-
tization reversal curves of the X7.5T10 trilayer measured with the
magnetic field H applied along EA and HA, respectively. In both sets
of data, depicted in Figs. 4(a) and 4(b), respectively, three characteristic
fields can be identified, whose values are in excellent agreement. Those
are the saturation field Hsat, the coercive field Hc, and the critical field
Hcrit, at which the splitting/merging of the hysteresis loop and FMR
frequency branches occurs. While there is a sizeable frequency hystere-
sis when H is applied along the HA, with the maximum frequency dif-
ference between both field sweep directions occurring near Hc, there is
typically only a much less pronounced frequency hysteresis observed
when H is applied along the EA. The two hysteresis loops shown in
Fig. 4(b) differ in three important points: the EA loop has (i) a 20%
higher coercivity Hc, (ii) a 20% higher remanence Mr, but (iii) an
almost 50% lower critical fieldHcrit compared to the HA loop.

For FMR measurements, the influence of different relative orien-
tations of stripe domains and rf magnetic field Hrf has been shown to
lead to higher (lower) resonance frequencies in the case of parallel
(perpendicular) alignment as a result of the excitation of optical
(acoustic) modes due to out-of-phase (in-phase) precession of the
magnetization in adjacent stripe domains.8,10,12,22,23,37 However, the

way the FMR measurements in this work have been performed, stripe
domains and rf magnetic field Hrf (dc magnetic field H) are always
perpendicular (parallel) during the entire hysteresis cycle and indepen-
dent of the field sweep direction as simulated in Ref. 37 for a single
200 nm thick Py film. This means that both frequency branches in the
HA FMR spectra of the coupled trilayers at low fields always corre-
spond to an acoustic mode. Instead, the fact that generally only a small
frequency hysteresis is observed in the EA configuration suggests that
the IMA of both the Py and NdCox layers and their relative orientation
with respect to the in-plane dc magnetic fieldH are at the origin of the
observed dynamic properties. Co-sputtering generally induces an IMA
in the NdCox films of around 104 J/m3, which is about one order of
magnitude larger than the IMA of the Py layer even after rescaling the
energy density with the corresponding values of MS. Moreover, the
IMA in the NdCox alloys creates a huge asymmetry in the closure
domain structure when the stripes are oriented along EA or HA. Thus,
there is a relevant difference between the stray fields generated by the
NdCox film and the Py layer, respectively, depending on the relative
directions of the IMA and the magnetization components of the
closure/stripe domains. However, to gain further insight into this
complex interplay, additional measurements of the azimuthal angle

FIG. 3. Simulated magnetic domain configuration in a X5T2.5 trilayer at remanence
after application of a saturating magnetic field along the y-direction. The stray field
of the stripe domains in the NdCo5 layer creates a closure domain pattern in the Py
layer even across the thin nonmagnetic Al spacer.

FIG. 4. In-plane EA and HA FMR spectra (a) and magnetization reversal curves
measured by AGM (b) of the X7.5T10 trilayer. The arrows designate the field sweep
directions, whereas the dashed, dashdotted, and dotted lines indicate the saturation
field (Hsat), critical fields (Hcrit), and coercive field (Hc), respectively. The small inset
at the top of (a) is a zoom into the area bound by the dashed rectangle to better
see the minor frequency hysteresis in the EA configuration.
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dependency of the FMR are necessary to quantify the value of the
IMA and, in particular, its rotatable anisotropy contribution.

In summary, an original approach to boost the FMR frequency
of a soft magnetic Py film with IMA based on the controlled coupling
to a hard magnetic NdCox film with PMA through a nonmagnetic Al
spacer of variable thickness has been investigated experimentally. The
two most striking effects observed, compared to a single Py film, are a
significant increase in the zero-field FMR frequency from 2.0GHz up
to 6.4GHz and a frequency hysteresis at HA fields below 670mT
with a difference between the frequency branches for increasing and
decreasing fields of up to 1GHz, both of which can clearly be attrib-
uted to the imprinted stripe domain pattern in the Py layer below satu-
ration. The possibility to control anisotropy and coupling strength in
this IMA/PMA system by adjusting the Co concentration in the PMA
film and the Al spacer thickness, respectively, during sample fabrica-
tion allows the system to be predefined with respect to the value of the
zero-field resonance frequency. In addition, the FMR frequencies can
further be tuned and reconfigured by simply erasing and nucleating a
stripe domain pattern in the Py layer upon application of an in-plane
magnetic field along its HA, opening new perspectives for the develop-
ment of future microwave, spintronic, or magnonic devices.

See the supplementary material for information about sample
growth, for additional in-plane hysteresis loops of single NdCox films
with X> 5, for magnetic domain images of single and coupled films,
and for details about the micromagnetic simulations.
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