RESEARCH ARTICLE | MAY 14 2024
Non-conventional resonant behavior of an unconfined
magnetic domain wall in a permalloy strip @

Laura Fernandez-Garcia @ ; Sandra Ruiz-Gémez © ; Rubén Guerrero © ; Rodrigo Guedas
Claudio Aroca © ; Lucas Perez © ; José L. Prieto © ; Manuel Mufioz &

‘ '.) Check for updates ‘

APL Mater. 12, 051116 (2024)
https://doi.org/10.1063/5.0206170

L
S
| -
()
el
O
=
—l
o B
<

@ B

View Export
Online  Citation

APL Materials

Special Topic:

Emerging Leaders in Materials Science

Guest Editors: Bo Wang, Marina Leite, Baishakhi Mazumder, Emilie Ringe, Jordi Sort, Ying-Wei Yang

AIP
é/:. Publishing

Submit Today! Z%_ Iétljll:;lishing

¥0:60:L) ¥20Z AeN G1


https://pubs.aip.org/aip/apm/article/12/5/051116/3293178/Non-conventional-resonant-behavior-of-an
https://pubs.aip.org/aip/apm/article/12/5/051116/3293178/Non-conventional-resonant-behavior-of-an?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0003-3874-2205
javascript:;
https://orcid.org/0000-0002-9665-2059
javascript:;
https://orcid.org/0000-0003-2829-9377
javascript:;
https://orcid.org/0000-0002-5971-6332
javascript:;
https://orcid.org/0000-0003-4463-2010
javascript:;
https://orcid.org/0000-0001-9470-7987
javascript:;
https://orcid.org/0000-0003-2298-2714
javascript:;
https://orcid.org/0000-0003-0781-4763
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0206170&domain=pdf&date_stamp=2024-05-14
https://doi.org/10.1063/5.0206170
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2403387&setID=592934&channelID=0&CID=881960&banID=521896414&PID=0&textadID=0&tc=1&scheduleID=2321875&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapm%22%5D&mt=1715792944857387&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapm%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0206170%2F19949627%2F051116_1_5.0206170.pdf&hc=249a48ac1f636ecc3492e1b88695b18e18a48a4e&location=

APL Materials ARTICLE

pubs.aip.org/aip/apm
Non-conventional resonant behavior
of an unconfined magnetic domain
wall in a permalloy strip @
Cite as: APL Mater. 12, 051116 (2024); doi: 10.1063/5.0206170 @ Iﬁ @

Submitted: 29 February 2024 - Accepted: 29 April 2024
Published Online: 14 May 2024

Rubén Guerrero,” '’ Rodrigo Guedas, "’
and Manuel Mufioz'*

Laura Fernandez-Garcia,’ Sandra Ruiz-Gémez, *?
Claudio Aroca,” Lucas Perez,’ José L. Prieto, *

AFFILIATIONS

TInstituto de Tecnologias Fisicas y de la Informacién ITEFI-CSIC, Madrid 28006, Spain

2Max Planck Institute for Chemical Physics of Solids, Dresden 01187, Germany

3|nstituto Madrilefo de Estudios Avanzados-IMDEA Nanociencia, C/Faraday 9, Madrid 28049, Spain

“Instituto de Sistemas Optoelectrénicos y Microtecnologia-Universidad Politécnica de Madrid (ISOM-UPM), Madrid 28040, Spain
SDpto. Fisica de Materiales, Universidad Complutense de Madrid, Madrid 28040, Spain

@Current address: Alba Synchrotron Light Facility, Barcelona, Spain.
PICurrent address: Univ. Grenoble Alpes, CNRS, CEA, Grenoble INP, SPINTEC, 38000 Grenoble, France.
<) Author to whom correspondence should be addressed: manuel. munoz@csic.es

ABSTRACT

The resonant dynamic of a magnetic domain wall in a permalloy microstrip has been investigated using an innovative experimental setup
that enables a simultaneous measurement of the ferromagnetic resonance and the magnetoresistance. The resonance frequency associated
with the presence of the magnetic domain wall increases linearly with the external magnetic field in the range of fields where the domain wall
is present in the microstrip. This linear behavior is unusual in a domain wall and not related to the standard resonant modes of a magnetic
domain wall, such as breathing, twisting, or translational modes. The slope of this linear dependency is 1.38 GHz/mT, which is an incredibly
large value and allows the detection of very small changes in the external magnetic field. This linear behavior opens a path for developing a
highly tunable radio frequency oscillator or a magnetic sensing device where the presence of an external field is detected via small variations
in the resonant frequency of the domain wall.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0206170
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I. INTRODUCTION

Magnetic domain walls (DWs) represent stable configurations
of magnetization that have attracted significant attention in recent
years, owing to both their fundamental properties and their poten-
tial application in spintronic devices, such as data storage, logic
devices,"” and magnonic devices.’ The dynamic response of a DW to
an external input (a magnetic field or electric current) is of particu-
lar interest. Early works showed that radio frequency (RF) excitation
led to a decrease in the DW depinning field, an enhancement of
the DW nucleation field,” or it could even be used to determine
the mass of the DW.”” The frequency response of the DW has
also been used to assist in the depinning of an adjacent DW,” as a

broadband spin wave and elastic wave emitter,” or to guide spin
waves.'? Arguably, though, the main goal of this topic is the imple-
mentation of a domain wall oscillator where the response in the
frequency of the DW is used to realize a highly tunable RF oscillator.
There have been several proposals for domain wall oscillators,'' "
mostly based on the results of micromagnetic simulations rather
than on experimental demonstrations. Nevertheless, there are very
relevant experimental characterizations of the resonant behavior of
a single DW. Sandweg et al.,'® using Brillouin light scattering, char-
acterized the frequency response of a DW pinned in an antinotch of
a circular nanostrip. They found that the resonant frequency asso-
ciated with the DW decreased as the depinning field approached.
Lepadatu et al.'”'* electrically characterized the resonant behavior
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of a DW in a permalloy strip pinned at a very deep notch. The
characteristic frequency of this pinned DW was roughly constant
(slightly decreasing) with the increasing current density. A DW res-
onant frequency that is constant with the increasing external field
(or current density) is typical of a pinned DW. The three main res-
onant modes of a pinned DW, namely the “breathing,” “twisting,”
and “translational” modes, all have a characteristic constant reso-
nant frequency when the field (or current) is much smaller than
the depinning field (or current).'””” Then, as the field (current)
gets closer to the depinning field (current), the DW characteristic
frequency decreases.

On the other hand, from a fundamental and application point
of view, it would be interesting to have a characteristic resonant
behavior where the frequency increases linearly with the external
magnetic field (or current), so the device can be easily tuned. Bedau
et al.,”! by measuring the dependence of the depinning field with
the frequency of the electric current, indirectly measured the reso-
nant frequency of a geometrically confined vortex wall but not in the
vicinity of a notch or a strong pinning point. They found that the
resonant frequency of the vortex slightly increased with the external
magnetic field at a rate of 50 MHz/mT, which resembles the behavior
of a vortex core orbiting around a central point,””” and it is clearly
different from the quasi-constant resonant frequency of the pinned
DW. This result indicated that a linear increase in the resonance fre-
quency of a DW may be found if the DW is unconstrained in a weak
pinning regime.

In this work, we report a detailed spectral characterization
of a non-confined DW in a very weak pinning regime. In a 10
pm wide permalloy strip, we serendipitously found a very large
transversal-like DW, weakly pinned at the nanoscopic structure of
the strip. The shape of this DW is surprisingly repeatable, regard-
less of the number of times the external field is cycled. In these
conditions, using an innovative dual transport set-up that measures
the frequency response of the DW and its characteristic anisotropic
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magnetoresistance (AMR), we fully characterized the resonant
behavior of this weakly pinned DW up to its depinning field at
0.8 mT. We found that the resonance frequency of this DW increases
with the external magnetic field with perfect linearity at a striking
rate of 1.38 GHz/mT. This finding opens the door to engineering
similar devices that are easily tunable, where, in the presence of a
bias field and with appropriate field compensation, the frequency
response of the system would allow the detection of tiny variations
of the external magnetic field.

Il. FABRICATION AND METHODOLOGY

In this study, we have used an innovative setup to measure
simultaneously the ferromagnetic resonance (FMR) and AMR of the
magnetic DW in microstrips.

The microstrips (10 pm wide and 100 um long) were fabri-
cated using electron beam lithography, DC magnetron sputtering,
and lift-off on Si/SiO; substrates. The metallic structure consists of
Cr (1 nm)/NigoFey (20 nm)/Au (4 nm). Subsequently, the microan-
tenna and contacts were also deposited via DC sputtering directly on
top of the microstrip with the structure (1 nm Cr/50 nm Au).

The essential elements of the set-up are depicted in Fig. 1. To
measure the FMR, a microwave signal of constant power of 0 dBm,
generated by an MGX N5282A Vector Signal Generator, is applied in
the RF port of a T bias connected to the microantenna. This RF sig-
nal induces a radio frequency magnetic field (hre) perpendicular to
the long axis of the microstrip. The reflected power is detected with
a Schottky diode (KEYSIGHT 8473B. )To achieve high sensitivity
and precision, a field modulation and a lock-in amplifier were used
to obtain the derivative of the reflected power vs the static external
magnetic field, applied parallel to the long axis of the microstrip.

To detect the presence of a DW in the microstrip, a setup to
measure the AMR of the DW is connected to the DC port of the
T-bias. When a DW nucleates, there is a change in the electrical
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FIG. 1. Schematics of the experimental set-up for the simultaneous measurement of ferromagnetic resonance and magnetoresistance. The part of the set-up dedicated to

measuring AMR by the compensated method is marked by a red square.
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resistance of the device due to the AMR of the magnetic
microstrip.”**’ To detect this very small change, we use a lock-in
technique, the so called compensated method.” In this method, the
resistance of the device is compared with the resistance of a load
connected in parallel to the sample. An alternating electric current
is supplied by a 6221 Keithley source to the device and the load. The
resistance of the reference load is adjusted to a value close to the
resistance of the device at magnetic saturation (without a DW in the
microstrip). A 7280 Perkin Elmer digital signal processing lock-in
amplifier is used to compare the voltage drop between the variable
reference load and the sample while sweeping the static magnetic
field.

Ill. RESULTS

We performed FMR measurements within the frequency range
of 2.0 to 3.5 GHz. Figure 2(a) shows FMR reflection as the static
applied field is swept from —10 to 10 mT. In these measurements,
two relatively broad peaks can be observed (for both directions of
the static magnetic field), and their position varies depending on the
frequency of the RF signal applied to the micro-antenna. Figure 2(b)
presents the measurements for the whole range of frequencies mea-
sured. We can observe that these two peaks shift toward higher
Hy values with increasing hgr frequency, following the square root
behavior expected from Kittel’s equation for the FMR of thin films.
Such behavior indicates that these wideband resonances measured
for negative and positive Hy, fields correspond to the resonance of
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the microstrip, with the magnetization pointing toward negative and
positive directions, respectively.

Regarding the narrowband peak visible close to zero external
field, it is observed only in the range of hgr from 2.0 to 2.8 GHz. Its
characteristic Ho is much smaller than the one for the broadband
peaks and limited to values between 0.3 and 1.0 mT. In addition, in
contrast to the behavior of the strip resonances that follow Kittel’s
equation, their evolution shows a linear dependence on the hgr fre-
quency. Moreover, this specific narrowband resonance was observed
exclusively in experiments that involved a reversal in the direction
of the static magnetic field. Under this condition, the magnetiza-
tion switches between initial and final states, and the peak appears in
the same range of fields that allows the nucleation of the DW in the
microstrip. This led us to think that these narrowband peaks could
have their origin in the presence of a DW.

To verify the presence of the DW, we performed both magneto-
optical Kerr effect (MOKE) microscopy and magnetotransport mea-
surements. In Fig. 3(a), we show a MOKE image at 1 mT after
saturating the sample in the negative direction parallel to the strip,
where the characteristic contrast of two domains, separated by a
DW, is visible. To correlate the narrowband peak with the presence
of a DW, we carried out simultaneous AMR measurements and RF
characterization from negative to positive magnetic saturation.

The profile of the change in the resistance of the microstrip,
obtained with the experimental setup explained earlier, is repre-
sented in Fig. 3(b). This resistance profile (red curve) shows a
gradual decrease in the resistance for positive low Hq, fields, char-
acteristic of experiments in which a DW is injected into the strip.”®
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FIG. 2. Ferromagnetic resonance (FMR) curves, measured as the derivative of the reflected power by the device, as a function of the applied static magnetic field (Hy). (a)
Selected normalized curves of the FRM for different hgr frequencies. (b) Normalized intensity of the FMR for hgr frequencies from 2.00 to 3.50 GHz in steps of 0.10 GHz. (c)

and (d) are enlarged images from —0.5 to 1.5 mT of panel (a) and (b), respectively.
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FIG. 3. (a) MOKE image of the microstrip measured for an applied magnetic field of 1 mT after saturating in the opposite direction. (b) Two independent measurements from
0to 7 mT: black, FMR signal at 2.4 GHz; red represent a measurement of the change in the electrical resistance of the microstrip.

After the sharp increase in resistance, the DW has been depinned,
and it is outside the area of measurement. As shown in the indepen-
dent measurements in Fig. 3(b), the narrowband peak is simultane-
ous with the drop of AMR that marks the presence of the DW, and it
vanishes in the sharp increase of resistance when the DW propagates
toward the end of the strip.

Both MOKE imaging and AMR measurements confirm that a
DW is present in the microstrip for positive values of the Hgc field
near 1 mT, after a saturation in the negative direction.

In Fig. 4, the simultaneous FMR-AMR measurement was per-
formed and represented in a narrow range of Hy. fields, from —0.5
to 2 mT, and for different hrr frequencies. A shift of the center of the
resonance peak (line) toward higher values is observed with increas-
ing hgr frequency. The AMR measurements, represented as lines
and symbols, show an initial gradual decrease, starting at 0 to ~1
mT, with a sharp increase marking the depinning and propagation
of the DW.

In Fig. 4, the DW is detected by AMR measurements for all
the hrr frequencies. For 2.10 and 2.30 GHz, the Hy. interval in
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FIG. 4. Simultaneous FMR (line) and AMR measurements (line and symbols) for
selected hgr frequencies with the initial magnetization state saturated in a negative
direction.

which the resonance is detected is lower than the depinning field.
For higher fields, the FMR signal disappears. For the two measure-
ments at 2.70 and 3.00 GHz, the interval of fields where the DW
resonance is present overlaps with the sudden resistive transition
marking the depinning field of the DW. At that precise field, the
resonant peak ends abruptly, which evidences that the narrowband
peak is associated with the presence of the DW shown in Fig. 3(a).

We conducted some simulations using Mumax 3 software,
aiming to understand the unusual resonant behavior of the DW.
With our resources, a simulation using the experimental dimen-
sions implies prohibitive computational time. Therefore, we used a
slightly smaller geometry like the one shown in Fig. 5(a), which is
still very costly in terms of computation time. The cell size used in
the simulation was 4 x 4 x 16 nm>, with only one cell size in the
thickness of the strip. The magnetization and exchange stiffness used
in the simulation were M = 8.6 x 10° A/m and Aex = 13 x 1072,
The simulation is initiated with a transversal wall like the one shown
in Fig. 5(a). The DW quickly relaxes to a more complex wall like
the one shown in Fig. 5(b), with a structure that does not resemble
the experimental DW shown in Fig. 3(a). In the simulation, we have
not managed to stabilize a DW like the one shown in Fig. 3(a), not
even by locating scattered defects along the width of the strip. It is
important to note that, if the experimental transversal DW shown
in Fig. 3(a) had changed its structure during our measurements, we
would have detected a sudden change in the AMR resistance, but
this was not the case. Therefore, we realize that we are very likely not
simulating the same DW that we are measuring in the experiment.
We do not know the reason why the experimental transversal DW is
so stable. Our guess is that a long crystalline boundary may run all
across the stripe, fixing the shape of the DW.

In the simulation, we computed the resonant behavior for some
values of Hy. in the presence of an RF field along the y axis of ampli-
tude 60 pT. The DW undergoes a small oscillation, as shown in
the snapshots in Figs. 5(b)-5(d). The structure of the DW is almost
unaltered during the oscillation. The response of the DW to the RF
field is monitored by the variation of the average magnetization in
the y axis, Amy, which oscillates following the RF field as shown in
Fig. 5(e). For three different values of Hy. and several frequencies
of the RF field, we extracted the maximum amplitude of the oscil-
lation. The results are shown in Fig. 5(f). The oscillation of the DW
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FIG. 5. (a) Initial configuration of the simulation with a transversal DW. The DW, for any field, adopts a shape similar to the one shown in (b), and it oscillates slightly under
the action of the RF field as shown in (b)—(d). The average y-component of the magnetization in the DW oscillates under the action of the RF field (). The amplitude of this
oscillation changes with the frequency of the RF field, as shown in (f) for three different DC fields, 0.5, 0.75, and 1 mT.

is at its maximum around 1.4 GHz for all the fields, and although
it increases slightly with Hgc, the resonant behavior of the simu-
lated DW does not resemble the experimental results. A dedicated
theoretical study, using sufficient computing power, is required to
understand the peculiar resonant behavior characterized experimen-
tally. Some aspects of the simulation need to be improved, such as
the shape of the DW, the number of cells in the thickness, and the
size of the strip, so the DW has a negligible interaction with the edges
of the strip.

IV. CONCLUSION

To summarize, the ferromagnetic resonance of a permalloy
microstrip has been measured at a range of frequencies between 2.0
and 3.5 GHz. Strip resonance peaks were observed for RF frequen-
cies between 2.0 and 3.5 GHz in an interval of applied magnetic fields
from —10 to 10 mT. One additional peak was observed for an interval
of frequencies between 2.0 and 2.8 GHz. This additional peak is only
present for external fields between 0.3 and 1 mT, and its characteris-
tic frequency vs field behavior contrasts with the Kittel-type behavior
characteristic of the strip resonance. Throughout magneto-optical
Kerr effect microscopy and parallel magnetoresistance measure-
ments, we could associate this narrowband peak with the presence
of a large DW in the strip. The slope of the frequency vs field plot
associated with the DW resonance is very large, 1.38 GHz/mT. This
value and the excellent linearity of the behavior will allow the design
of highly tunable RF oscillators and/or magnetic field sensing devices

based on the resonance of large magnetic domain walls pinned at
weak defects.
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