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Abstract: Effective control of domain walls or magnetic textures in antiferromagnets promises to
enable robust, fast, and nonvolatile memories. The lack of net magnetic moment in antiferromagnets
implies the need for creative ways to achieve such a manipulation. We conducted a study to
investigate changes in magnetic force microscopy (MEM) imaging and in the magnon-related mode
in Raman spectroscopy of virgin NiO films under a microwave pump. After MFM and Raman
studies were conducted, a combined action of broadband microwave (0.01-20 GHz, power scanned
from —20 to 5 dBm) and magnetic field (up to 3 kOe) were applied to virgin epitaxial (111) NiO
and (100) NiO films grown on (0001) Al,O3 and (100) MgO substrates, following which the MFM
and Raman studies were repeated. We observed a suppression of the magnon-related Raman
mode subsequent to the microwave exposure. Based on MFM imaging, this effect appeared to be
caused by the suppression of large antiferromagnetic domain walls due to the possible excitation of

antiferromagnetic spin oscillations localized within the antiferromagnetic domain walls.
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1. Introduction

Recently, antiferromagnets (AFMs) and particularly insulating thin AFM films have
attracted considerable attention due to their potentially unmatched characteristics, which
could allow the development of spintronic devices with speeds reaching the THz do-
main [1,2], ultralow Gilbert damping [3], and good spin current conduction [4]. Another
unique merit of AFMs is the minuteness of the stray fields [5] and consequently, the dif-
ficulty in controlling the domain walls (AFM DWs) with laboratory magnetic fields. The
presence of AFM DWs may substantially restrict the propagation length of magnons in
antiferromagnets [6]. The effective manipulation of magnetic textures in antiferromag-
nets, and specifically those related to AFM DWs, is central to the emerging field of AFM
spintronics [7].

A number of schemes to control the AFM DWs have been proposed recently. Among
them are thermal [8] or strong field gradients [9] and field pulses [10] or spin waves [11]
with specific helicity [12]. Néel spin torque to drive AFM DWs should be effective only
for specific antiferromagnets with locally broken inversion symmetry [13]. The practical
realization of this mechanism via electrical switching of antiferromagnets with (high energy
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loss) DC currents [14] has been under debate [15,16]. Robust control over AFM DWs, which
is critical for effective spin wave propagation over micrometer distances [6], still remains a
significant challenge [13], and alternative techniques are required to probe and manipulate
nontrivial AFM order [5].

NiO is an archetype antiferromagnet for room-temperature applications, and has
recently been the focus of intensive research, as it shows AFM resonance in the THz
range in the absence of a external magnetic field [17,18], which nonetheless could be
tuned by an external field of a few Tesla [19]. In the last few years, there have been some
proposals involving the exploration of THz spin dynamics with the aim of creating AFM
memories [20,21]. However, the domain structure of NiO is very complex, as at least
12 orientation domains including twin (T) and spin (S) domains [22] and double domain
walls [23] have been reported, with sizes of about microns to tenths of a micron depending
on the oxygen annealing conditions [24].

Interestingly, recent studies have revealed that spin current transmission in AFM
insulators can be mediated by coherent spin waves not only in THz [25] but also in the
GHz range [26,27]. This observation confirms previous reports on spin angular momentum
transfer at the GHz excitation range without phase control [28-31] and inertial dynam-
ics of antiferromagnets [32]. The GHz dynamics of solitons or AFM DWs [11] could be
excited either by circular or linearly polarized drives capable of producing a net AFM
DW drift in colinear antiferromagnets [33,34]. Besides evanescent [27] and thermal spin
waves [4,31,35,36] underlying the spin transport through AFMs, another intriguing possi-
bility for low-frequency spin waves’ propagation exists due to the modes localized around
the domain walls [37].

Recently, laser pulses have been shown to be capable of modifying the structure of
AFM DWs, creating antiferromagnetic 180° domains in NiO/Pt bilayers [38]. In this study,
we investigated the possibility of influencing the AFM DW structure in virgin NiO films
via the application of broadband (10 MHz-20 GHz) microwaves (MW) with a power up to
5 dBm and an in-plane magnetic field up to 3 kOe at room temperature. We used magnetic
force microscopy and confocal micro-Raman spectroscopy to study the possible effect of
the microwave excitation on the AFM DW magnetic textures in NiO.

2. Structural Characterization of the Virgin Films
2.1. Film Growth, XRD, and RBS Characterization

NiO thin films can be grown epitaxially on oxide single-crystal substrates. (100) NiO
epitaxial films have been usually grown on (100) MgO substrates, while (111) MgO and
c-cut Al,Oj3 substrates have been used to obtain epitaxial (111) NiO films. In this last case,
a biepitaxial growth with both in-plane relationships, including [110]NiO/ /[0010]Al,O3
and [112]NiO//[2110]Al,O3, has been reported [39,40]. In this work, NiO thin films were
deposited on (0001) Al;O3 and (100) MgO substrates by ion beam sputtering using Ar™"
ions from a 3 cm Kaufmann-type ion source of a pure nickel (99.99%) target in a controlled
atmosphere of oxygen and argon. The NiO thin films were deposited in a vacuum chamber
with a base pressure of 2 x 10> Pa. During the deposition, the pressure was maintained
between 1.8 x 1072 and 4.1 x 1072 Pa, and the substrates were rotated at 2 rpm to increase
the homogeneity of the deposit. The substrate temperature during deposition, the oxygen
partial pressure, and the sputtering conditions (i.e., current density of sputtered Ni atoms,
Jsp, and energy of the sputtering Ar™ ions, E)), are shown in Table 1.

The crystal structure and texture of the different films deposited on (0001) Al,O3 and
(100) MgO substrates were analyzed with X-ray diffraction (XRD) in a 6 /26 configuration
using a PANanalytical X'Pert MPD system and Cu-Ka radiation. Figure 1a shows the XRD
scans corresponding to the NiO (111) peak region for the films grown on (0001) Al,O3
substrates. It should be noted that only the NiO (111), NiO (222) and Al,O3 (006) diffraction
peaks can be distinguished in the complete diffractogram (not shown), indicating the
epitaxial character of the growth. For the NiO(2) film exclusively, in addition to the
NiO (111) peak, a very small NiO (200) peak also appears at ~43.2° (not shown in the
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figure), indicating that this film is highly (111) oriented but can have a polycrystalline nature.
Figure 1b shows the XRD scan of the NiO film grown on (100) MgO substrate in which a
shoulder at ~42.6° corresponding to the NiO (200) diffraction plane can be distinguished
in the intense (200) peak from the MgO substrate. The lattice mismatch between NiO
films and (0001) Al,O3 substrate was calculated following the well-known crystallographic
orientation relationships and the domain-matching epitaxy proposed by Lee et al. [39]
and are plotted in Figure 1c. This figure also includes the lattice mismatch for NiO(4) film
grown on (100) MgO substrate following the epitaxial relationship [100]NiO/[100]MgO.

Table 1. NiO thin film deposition parameters: substrate temperature, oxygen partial pressure,
Ar™T energy, and sputter current density. The thickness determined by RBS quantification and the
out-of-plane lattice parameter determined by XRD are also included.

NiO(1) NiO(2) NiO@3) NiO(4)/MgO
Substrate Al,O3 (0001) Al,O3 (0001) Al,O3 (0001) MgO (100)
Tsubstrate (K) 633 718 798 798
PO, (Pa) 1.3 x 1072 22 %1072 2.8 x 1072 2.8 %1072
Jsp (mA/cm?) 1.6 1.4 1.1 1.1
Egp (eV) 650 650 650 650
Thickness (nm) 244 228 195 207
Deposition rate (A/s) 0.33 0.33 0.27 0.26
Lattice parameter (nm) 0.428 0.423 0.426 0.425
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Figure 1. XRD diffraction patterns of (a) (111) NiO films grown on (0001) Al,O3 substrate and
(b) (100) NiO film grown on (100) MgO substrate. (c) Lattice mismatch with the substrate and
(d) minimum yield ratio obtained from the channeling and random RBS spectra for the NiO films
grown on the (0001) Al,O3 and (100) MgO substrates.

In order to explore the elemental distribution, thickness, and epitaxial quality of
the deposited thin films, Rutherford backscattering spectrometry (RBS) was performed
under both random and channeling conditions using *He ™ at 1.8 MeV in a 5 MV tandem
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accelerator [41]. The ion fluence for the Rutherford backscattering was 20 puC. A silicon
barrier detector, at a scattering angle of 170.5°, measured the backscattering ions while a
three-axis goniometer was employed to control the crystal position. The elements present
in the thin films and in the substrate were identified in the spectra (not shown here),
where the width of each peak corresponded to the relative thickness. The distribution
and quantification of the various elements were determined with the SIMNRA simulation
software (version 7.02) package. If the material of the film is oriented along the substrate
and the direction of the incident *He™ particles is aligned in the substrate orientation
direction, most of the particles will pass through the channel or empty space available
within the crystal lattice, leading to a lower yield. The energetic ions can move into the
crystals, penetrating much deeper if the atoms in the crystal are directed in some specific
crystal directions. The decrease of the yield when the film is aligned is an indication of
the epitaxial character of the films. Figure 1d shows the minimum yield ratio between
channeling and random spectra for the different NiO films. The lowest value is found in
the NiO(4) /MgO film, which is in good agreement with the lowest mismatch found in this
film as can be observed in Figure 1c.

2.2. Atomic Force Microscopy Characterization

Atomic force microscopy measurements were carried out on different virgin NiO films
(see Figure 2) using an instrument from Nanotec Electronica S.L. controlled with the WSxM
software (version 5.0) [42]. Both typical images and root-mean-square (RMS) roughness
analysis were in general agreement with XRD and RBS characterization, pointing toward
the most flat surface in NiO(4)/MgO and the greatest roughness in NiO(2) film.
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Figure 2. Atomic force microscopy characterization of the NiO films. RMS roughness of the films was
measured on several images showing an average value. Error bars constitute the standard deviation
of the measurements. The dotted lines represent the scanning region leading to the corresponding
captured topographic profiles on each sample. All of the samples were quite flat and free from surface
defects, especially NiO(1) and NiO(4)/MgO. NiO(2) demonstrated much greater roughness than did
the other samples.

2.3. Micro-Raman Characterization

Confocal micro-Raman experiments were conducted on as-grown NiO films and on
the same films immediately after microwave exposure. The measurements were collected
using a WITec ALPHA 300RA confocal Raman microscope (CRM) at room temperature
with a Nd:YAG linearly polarized laser (532 nm). The Raman spectra were recorded in
the range of 0-3600 cm~! using an objective with a numerical aperture of 0.95 and a
laser excitation power of 3.2 mW to avoid any damage to the films. The NiO films were
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investigated on the plane (XY scans) and in-depth (XZ scans) regions. The collected spectra
were analyzed with WITec Project Plus software (version 2.08).

NiO is widely studied with Raman spectroscopy due to its room-temperature AFM
behavior. Raman spectra recorded from different NiO films deposited on (0001) Al,O3
and MgO (100) substrates are shown in Figure 3. The Raman signal was collected from
the confocal plane of the film with the highest intensity, and thus several Raman spectra
from different regions were averaged. Complementarily, a Raman study was performed in
both types of substrates in order to discriminate their specific Raman signal. The Raman
signal related to the Al,O3 substrate could be identified around 420 and 754 cm ™! on the
NiO films (see Appendix A). The MgO substrate did not show Raman modes but rather a
fluorescence signal at higher wave numbers (from 2700 cm™~!) that did not interfere with
the active modes of NiO.

LO (1P) NiO(1)

— v —— NIO(2)
2 ‘ — NiO(3)
c | NiO(4)/MgO
> SO zL(i (2P)
o | LO+TO
S o 270 1 M
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300 600 900 1200 1500 1800
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Figure 3. Resolved Raman modes for all the analyzed NiO films in the virgin state. The active modes
are in agreement with those of previous reports [43,44], indicating the good quality of the films.
The 2LO (2P) and 2M modes were especially visible in the NiO(4)/MgO sample. The Raman spectra
are normalized to the LO mode (1P).

The active Raman modes were in full agreement with those of previous reports [43,44],
confirming the generally good quality of the NiO films. The first-order phonon modes,
longitudinal optical (LO), 1P and transverse optical (TO) are inactive Raman modes in the
perfect rock salt-like structure and can appear due to the rhombohedral lattice distortion and
the presence of impurity atoms in the crystal lattice. Their intensity is strongly dependent
on the stoichiometric ratio in the lattice. The surface optical (S50O) phonon mode was also
marked in the Raman spectra and represents a well-known indicator for identifying surface
defects and roughness [44]. This band was practically imperceptible due to the good
quality and low roughness of the films, confirmed by the XRD and atomic force microscopy
results. At higher wave numbers, the 2TO, LO + TO, and the 2LO(2P) overtones were
identified, as well as the two-magnon mode (2M). The 2LO (2P) Raman mode at 1120 cm ™!
can be attributed to biaxial strain in NiO films, and the quotient I;p;0)/Ip(210) can be
considered an inverse figure of merit providing information about the crystal quality of the
films [45]. The lowest intensity quotient was measured for NiO(4)/MgO and the largest
one for NiO(1) (see Figure 3). Finally, the 2M band (two-magnon mode) at about 1500 cm~*
was measurable as a fingerprint of AFM ordering, identifying the largest intensity for
NiO(4)/MgO and the lowest one for NiO(1). Additionally, a redshift was observed along
with an intensity decrease of the 2M mode, which can be explained by a reduction in the
AFM coupling via Ni-O super exchange interaction [46].
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2.4. Magnetic Force Microscopy Characterization

All the measurements were performed at ambient conditions using a scanning force
microscope from Nanotec Electronica S.L. controlled with WSxM software (version Develop
8.1) [42]. Commercial MFM probes from Nanosensors PPP-MFMR and Budget Sensors
(MultiM-75) were used. The magnetic probes were always calibrated before and after each
experiments to verify their performance, especially when no MFM signal was detected. Am-
plitude modulation method was carried out to enable the phase-locked loop (PLL) to track
the resonance frequency of the oscillating cantilever, and the magnetic signal was therefore
recorded in the frequency shift channel in Hz. In addition, the acquisition of electrostatic
force microscopy images was completed with a PtIr metallic tip from Nanosensors.

3. Results

In order to present the main findings related to the influence of the microwave response
on magnetic textures in initially virgin NiO films, we mainly concentrate on the description
of the data obtained on the NiO(3) and NiO(4)/MgO films, for which detailed MFM
imaging was carried out.

3.1. Influence of MWs on MIFM Images in Virgin NiO Films

MEM is one of the most powerful tools for investigating magnetic materials at the
nanoscale [47]. However, imaging AFM domains or domain walls with this technique
remains challenging. Nitrogen vacancy (NV) magnetometry [5], spin-polarized STM [48],
or the combination of MFM with magnetic exchange force microscopy [49] are some of the
emerging imaging methods for studying AFM order. Nonetheless, MFM has been used to
investigate the influence of crystallographic defects in AFM materials such as NiO [50].

We correlated our results with MFM images and confocal Raman spectroscopy in
order to verify if the microwave excitations affected the magnetic textures. Two types
of experiments were carried out along this line. First, we investigated both MFM and
micro-Raman on the virgin samples, which had not yet been exposed to the application of
any microwave drive. Then, the same measurements were performed immediately after
(less than 1 h) the application of the maximum available microwave excitation of 5 dBm.

Within the resolution of our MFM setup, magnetic textures were invisible in the virgin
NiO(4)/MgO films, probably due to too-low values of the stray fields from AFM DWs in
the most perfect NiO films.

On the other hand, MFM imaging on NiO(3) (see Figure 4a) can reveal the presence of
irregular magnetic textures similar to those typically observed in synthetic [51] or natural
Ni antiferromagnets [23]. Separate checks using Kelvin probe force microscopy [52] with
electrostatic tip have proven that MFM images are related to magnetic and not electrostatic
interactions as could potentially happen when imaging weakly magnetic insulators.

We also investigated MFM images on the same NiO(3) film two weeks after the
maximum microwave drive was last applied. Our measurements could not detect any
large-scale magnetic textures but did reveal a much more localized response that was
probably related to the dislocation-induced weak ferromagnetism that has been previously
reported in NiO [50].
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-2.72 Hz

Figure 4. Two MFM resolved images of different regions (upper and lower panels) of the NiO(3)
sample (a) before and (b) after the application of a MW excitation. The magnetic texture observed
in the virgin state disappeared after the MW application, in line with our proposed interpretation.
(c) shows the electrostatic image, which suggest a purely magnetic nature of the observed features.
The black-and-white insets are the topographical map of each region.

3.2. Influence of Microwaves on Raman Modes in Virgin NiO Films

In order to further explore a possible correlation between magnetic textures and the
irradiated MWs, we carried out confocal micro-Raman experiments.

The typical Raman signal for NiO was collected [43,44], with the Raman modes
differing depending on the film. As shown in Figure 5, the effect of the MW application on
the Raman spectra was recorded, and an in-depth analysis of the films was also carried
out. Figures 5a,b and 6a—d show, in the example of NiO(4)/MgO, how the Raman modes
changed with the film depth. This could be related to a structural variation from the
interface with the substrate toward the film surface, which was confirmed by the channeling
characterization (see Figure 5d): there is an agreement between the yield ratio of aligned
to random spectra, which increases from the surface to the interface, and the intensity of
the 2M Raman mode. Figure 5c shows the analysis of the relative intensity of the 2P and
2M overtones with respect to the 1P band for all the films investigated and demonstrates
their variation within in few hours following the application of a 5 dBm microwave field.
The variation was especially pronounced for the NiO(4)/MgO sample. Based on the
observed MFM reduction of large scale AFM DWs, we propose that this reduction of the
amplitude of the Raman active modes is related to AFM magnons (2M mode) and reflects
structural imperfections (the intensity relation between 1P and 2P bands is proportional
to the degree of structural order) [45,46], which could be linked to the magnetostrictive
character of AFM DWs in NiO [23]. As a consequence, once the microwave drive has
perturbed the complex AFM DW order, the system tends to recover its complexity by
moving and creating large-scale AFM DWs and moving back toward the energy minimum
during the Raman experiments. Such slow AFM DW dynamics and rearrangements (which
could take place in a timescale of weeks) and related lattice distortions may be responsible
for the relative suppression of the 2P and 2M Raman modes in the NiO films previously
excited by the microwaves.
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Figure 5. Resolved Raman spectra in the in-depth direction (XZ plane) for the NiO(4)/MgO
sample (a) in its virgin state and (b) immediately after being put through a maintained microwave
drive of 5 dBm. The normalization of the intensity signal was completed by adjusting the 1P
band. The assignation of the 1P, 2P, and 2M active modes is marked on the figure. Raman spectra
correspond to equidistant points in the depth profile of the film from the film surface (1) to the
substrate interface (5). This analysis shows extraordinary variation of the 2P and 2M modes in
the depth coordinate. (c) Relative intensity of 2P/1P and 2M/1P on the virgin films and after the
application of MW. There was a correlation between the reduction of the intensity of the 2P and
2M modes and the application of MW for all of the analyzed samples. The NiO(4)/MgO sample
was particularly sensitive to the effect of the MW, partially since the 2P and 2M modes were highly
manifest. (d) Channeling and random RBS spectra of the NiO(4)/MgO sample.

‘o 2P \/irginISambIe 10! ® 2M Virgin Sample|
® 2P after MW ’ e 2M after MW

0.4 (b)

| " 1480 '\k;\,

1460} {

{

Eamaﬂ Shif_{(cm Inorm

— — — o

5 & & ®

Raman Shift (cm lnorm
Q o
(o)) (o)

) 1440¢ (d )
2 3 4 1 2 3
Depth Depth
Figure 6. Behavior of the 2P (a,c) and 2M (b,d) Raman modes in the NiO(4)/MgO sample against
the depth of the analysis before and after a continuous application of a MW field. (a,b) Intensity of
the modes normalized by the maximum value before the MW pumping. (¢,d) Raman shift of the

4 5

A
(&)

modes’ peaks.



Condens. Matter 2024, 9,7

9 of 14

4. Discussion and Conclusions

Let us discuss a possible mechanism behind the absorption of the GHz range mi-
crowaves by the AFM NiO films with magnons in the THz range. Following Ref. [37], we
consider the existence of low-frequency excitations in NiO localized within the magnetic
textures (AFM DWs). Indeed, the dispersion relation for the soft branch is predicted to be
gapless due to string-like domain wall excitation in AFMs. These localized modes should
be similar to Winter magnons [53,54] excited along domain walls in ferromagnets. Similar
types of SW excitations along antiferromagnetic DWs have been predicted in Ref. [55].
Numerical calculations [55] show that fast and long-wavelength SWs could propagate dis-
tances of 100-1000 nm within tens of picoseconds. In our study, we deduced propagation
SW distances from a comparison of the structural (Figure 2) and MFM images (Figure 4),
indicating a dislocation density of about one for each 100 nm and an average pinning length
of the DWs in a range of 100-1000 nm. The corresponding timescales are therefore close
to the relevant frequency of 16 GHz reported experimentally (see Appendix C). However,
further studies are needed to verify this scenario.

A high-power microwave excitation may lead to irreversible changes in the magnetic
texture of the NiO films via localized heating of the DWs. Such a scenario is suggested by
the difference in the Raman and MFM responses seen on the samples before and after a
high-power MW excitation was applied. We therefore relate these irreversible changes in
magnetic textures to the localized power absorption of spin waves confined around the
AFM domain walls/textures [37].

As long as the sample face excited by MWs is in contact with the coplanar waveguide
(CWG), it is impossible to measure the temperature of the NiO surface in our setup and thus
to directly evaluate the local heating of DWs. Therefore, the temperature measurements
were conducted on the backside of the NiO(4)/MgO sample with an infrared (IR) camera.
We note that the temperature variation of the substrate side during the application of MW
powered up to +5 dBm did not exceed ~1 K.

This upper limit is in agreement with numerical simulations made with COMSOL
(Appendix B) and with simple analytical estimations based on the maximum power dis-
sipated by the MWs into the NiO sample. Therefore, we did rule out the possibility that,
in addition to the direct excitation of DWs (magnetic textures) by the MWs, there could be
a localized heating close to those textures where the MW losses should be enhanced. This
additional local heating (which is hardly detectable with the IR camera or the COMSOL
simulations) could help the system to thermally overcome the energy barrier between its
textured state and the global minimum energy state with a more spatially homogeneous
magnetic order. This effect, in combination with the direct excitation of AFM-DWs by the
MWs, could be the underlying cause of the observed reduction of DWs after exposure to
the microwave excitation.

Finally, we point out that microwave permeability experiments as a function of MW
power carried out on a virgin NiO film (see Appendix C) showed a resonant response
between 15 and 17 GHz, with an increasing magnitude and a frequency shift once the MW
power exceeded —15 dBm. Similar measurements carried out on the substrate (MgO) side
of the sample showed a background nearly independent of the MW power. We believe
that this kind of MW-induced excitation could account for the above-described changes in
Raman modes and MFM images of the AFM NiO films.
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Appendix A. Control Raman Experiments on the MgO and Al,O3 Substrates

Raman spectroscopy was conducted on the used substrates. In the case of the MgO,
only a fluorescence signal above 2700 cm ™! was detected but no Raman band. The Al,O;
substrate presented several Raman modes, with the highest intensity for those located
around 420 and 754 cm~!, which was observed in the Raman signal measured in the
samples with this specific substrate.

—ALQ, substrate
—— MgO substrate

Intensity (arb. units)

i

500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)

Figure A1. Raman signal of the MgO and Al,O3 substrates used in our NiO samples.
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Figure A2. COMSOL simulations of the temperature difference between the NiO(4)/MgO and the
room temperature for different irradiated MW powers. Curves for upper (¢ = 0.6) and lower (¢ = 0.2)

surface emissivity bounds are presented.
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Appendix B. COMSOL Simulations on the Temperature Provided by the MW Heating
on the Sample

COMSOL simulations were conducted to obtain the temperature increase on the
NiO(4)/MgO sample when exposed to MW radiation. It is important to notice that these
simulations are limited by the possible magnetic textures in the sample, which are not
replicated. To emulate the MW irradiation, we implemented a homogeneous heat source
on the NiO side of the sample. On the other boundaries, we allowed surface-to-ambient
radiation (Ty;;pient = 300 K).

We observed that the maximum temperature increase did not exceed 0.7 K in the
lower surface emissivity bound or 0.3 K in the upper bound, as seen in Figure A2. This
is in agreement with our previous temperature estimations. However, it is important
to acknowledge that localized heating within the magnetic textures cannot be ruled out,
as previously suggested.

Appendix C. Microwave Transmission Measurements as a Function of Power

F"(dBm) |
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Figure A3. Real part of the scattering matrix element Sy; normalized to —20 dBm as measured for
the NiO(4)/MgO sample as a function of the MW power. (a) Measurement performed with the
NiO side facing the CPW. (b) Measurement performed with the substrate (MgO) facing the CPW.
(c) Cross-sections of the peak around 15 GHz seen in part (a) for different MW powers, illustrating its
displacement. (d) Frequency and amplitude of the 15-16 GHz peak against the MW power. The peak
position was resolved by fitting the peak in the Re;r#(Sp1) cross-sections to a Lorentzian curve.

In order to probe the dynamic magnetic response of the different samples, a vector
network analyzer (VNA) high-frequency setup was used (see [54] for details), with the
films being placed directly on top of a coplanar waveguide (CPW).

In these MW experiments, driving AC fields of up to 5 dBm were applied to the
NiO(4)/MgO sample on its virgin state. The microwave frequency covered a frequency
range between 10 MHz and 20 GHz. Transmission measurements were made by sweeping
this frequency at a zero bias DC field and averaging 20 measurements for each dBm to
ensure noise reduction. The scattering matrix element S; measured with the VNA, which
was the relation between the magnitude and phase of the input signal sent to the CPW and
the received signal and indicative of the transmission in the system [56].

To ensure a response related to the antiferromagnetic sample, control measurements
were performed on the substrate face and the NiO face of the sample. Figure A3 shows a
zero-field measurement of the normalized real part of the Sj; scattering matrix element
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of the NiO(4)/MgO virgin sample, for a MW power from —20 dBm to 5 dBm. Figure A3a
shows the dynamic response of the NiO, with panel b corresponding to the MgO substrate.
Panels c,d are the analysis of the peak amplitude and frequency observed in the NiO side
as a function of the applied MW power.
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