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Zero-field Optic Mode Beyond 20 GHz in a Synthetic Antiferromagnet
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Antiferromagnets have considerable potential as spintronic materials. Their dynamic properties include
resonant modes at frequencies higher than can be observed in conventional ferromagnetic materials. An
alternative to single-phase antiferromagnets are synthetic antiferromagnets (SAFs), engineered structures
of' exchange-coupled ferromagnet/nonmagnet/ferromagnet trilayers. SAFs have significant advantages due
to the wide-ranging tunability of their magnetic properties and inherent compatibility with current device
technologies, such as those used for Spin-transfer-torque magnetic random-access memory production.
Here we report the dynamic properties of fully compensated SAFs using broadband ferromagnetic res-
onance and demonstrate resonant optic modes in addition to the conventional acoustic (Kittel) mode.
These optic modes possess the highest zero-field frequencies observed in SAFs to date with resonances
of 18 and 21 GHz at the first and second peaks in antiferromagnetic Ruderman-Kittel-Kasuya-Yosida
(RKKY) coupling, respectively. In contrast to previous SAF reports that focus only on the first RKKY
antiferromagnetic coupling peak, we show that a higher optic mode frequency is obtained for the second
antiferromagnetic coupling peak. We ascribe this to the smoother interfaces associated with a thicker non-
magnetic layer. This demonstrates the importance of interface quality to achieving high-frequency optic

mode dynamics entering the subterahertz range.

DOI: 10.1103/PhysRevApplied.13.034035

I. INTRODUCTION

Antiferromagnetic (AF) spintronics has recently become
a key area of research to enhance the capabilities of
spintronic devices [1,2]. They are increasingly poised to
augment or even replace current ferromagnetic compo-
nents across a range of technologies, a remarkable resur-
gence given the description of “interesting and useless”
bequeathed to this class of materials by Néel [3]. Due
to their characteristic antiparallel spin ordering, antifer-
romagnets (AFMs) have a low or zero net magnetiza-
tion, eliminating the stray field responsible for promoting
thermal activation of reversal and hence offering advan-
tages in data storage such as magnetic random-access
memories (MRAM) [4], Spin-transfer-torque magnetic
random-access memory (STT MRAM) [5], and mag-
netic sensors [6]. Furthermore, their dynamic response
can reach towards the terahertz range, orders of magni-
tudes higher than the low-gigahertz range typically found
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in ferromagnets, leading to the possibility of engineer-
ing higher-frequency devices than used currently [1,7,8].
Most antiferromagnets found in nature are also dielectrics,
which contributes to the elimination of Joule heating
[9—11]. However, metallic AFMs and particularly those
where there is freedom to design the required properties
can offer advantages, for example, when there is a need for
layer thicknesses below 10 nm.

Magnetic materials are essential components of high-
frequency technologies and devices. The maximum speed
of operation and frequency range of magnetic materials
is determined by the ferromagnetic resonance frequency,
fr [12,13]. To realize gigahertz-range magnetic devices
it is essential to engineer materials that support a much
greater f. [14]. The resonant frequency of ferromagneti-
cally ordered materials is given by Kittel’s equation [15],

St = o+ HOWH + H+ 470, (1)

v

where £4 is the conventional acoustic mode ferromag-
netic resonance, y is the gyromagnetic ratio, H is the
applied magnetic field, Hy is the uniaxial anisotropy, and
M; is the saturation magnetization. Resonant frequencies
can be increased through the application of large magnetic
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fields, with notable examples including resonant frequen-
cies nearing 100 GHz with applied fields of around 5 T
in Co-Cr-Pt-Ta thin films, as demonstrated by Oates et
al. [16]. However, for future device development, it is
critical to consider miniaturization and heat management
[9], which makes the application of large magnetic fields
technically challenging. It is therefore desirable for mag-
netic materials to possess a very high self-bias, mean-
ing no externally applied magnetic field is required to
achieve higher resonance frequencies. Conventional meth-
ods of accomplishing this goal involve using materials
with a high-saturation magnetization 4z M; or increasing
Hy. From a material selection point of view, the focus
of the community has pivoted toward ferrites such as
CoFe-based materials [17—19]. Enhancements to H; are
typically achieved through the application of a magnetic
field during deposition with potential use of annealing [20],
tailoring the nanocrystalline structure of the films using
chemical stress or oblique sputtering [17,21], use of pre-
stressed substrates [22], or lamination and lithographic
patterning [14]. Exchange-biased systems have also been
proposed [23]. The highest frequencies in self-bias sys-
tems achieved to date are in the X-band range, around
10 GHz [17,23]. There are notable difficulties in further tai-
loring of H; using the methods outlined above, such as the
application of a dc field during depositions, which induces
an anisotropy that is difficult to modify and prestressed
substrates requiring mechanical flexibility.

The limitations in achieving further increases of Hj
to realize higher-frequency magnetic devices have led to
the exploitation of AF materials that have faster dynamic
responses than are available in their ferromagnetic coun-
terparts [1,7,24]. Resonance experiments of single-phase
antiferromagnets are typically conducted with terahertz-
range optical or electrical field probing techniques
[8,25-29], with limited reports of antiferromagnets with
dynamics in the range of conventional microwave elec-
tronics [30]. Therefore, there is a particular research
interest in synthetic antiferromagnetic (SAF) structures,
comprised of an exchange-coupled ferromagnet-non-
magnet-ferromagnet (FM-NM-FM) multilayers. However,
as the interlayer exchange coupling (Jigc) seen in SAFs
is smaller than the direct exchange coupling seen in
single-phase antiferromagnets, the resonance frequencies
are also reduced. This opens up additional possibilities
for AFM-based devices, extending the range of frequen-
cies that can be generated, and provides a method to tailor
the frequency obtained through controlling the coupling
interaction [31,32]. The interlayer coupling results from
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction
[33], which for an appropriate choice of spacer layer such
as Ru is responsible for an oscillatory short-range inter-
action that can promote ferromagnetic or antiferromag-
netic layer alignment depending on spacer layer thickness.
Here the nonmagnetic spacer layer is chosen to produce a

configuration where the magnetizations of the FM layers
align antiparallel. In effect, the RKKY interaction creates
spin density oscillations in the NM spacer layer as its
thickness is altered. The strength and period of the RKKY
coupling is highly sensitive to the Fermi surface of the NM
metal [33,34]. In particular, it is found that the periodicity
of the coupling is given by

A=— 1 ©))
|(1/2) — (n/d)]

where X is the Fermi wavelength, d is half the lattice
parameter of the spacer material, and 7 is a positive integer
satisfying the criterion A > 2d [35].

The presence of this interlayer coupling has a significant
impact on the precessional dynamics of the SAF system.
Here the resonance frequency is enhanced by the addition
of an effective interlayer coupling term (Hy) in the disper-
sion relation that introduces an optic mode resonance (f,°)
in the AF configuration [36], shown schematically in Fig. 1
and given by

fo = 21\/(11 Y+ Ho + Hy)(H + Hoy + Hy + 470M,).

s
A3)

This optic mode has been studied by several groups due
to its potential to significantly enhance self-biased fer-
romagnetic resonances towards low-terahertz frequencies
[36]. In recent works, notable enhancements to the f,. fre-
quency were demonstrated by Li ef al. [37] who reported
a zero-field optic mode resonance of 11.32 GHz. Further,
SAFs fabricated using a range of ferromagnetic compo-
nents have been explored including Ni-Fe [38], Co [39,40]
and (Fe,Co)N [41]. Additionally, ferromagnetic compo-
nents created from highly spin-polarized Heusler alloys
such as Co,FeAl have been reported [42].

FIG. 1. Magnetic precession of an FM-NM-FM trilayer system
due to a perturbation field /,r when (a) NM thickness #; promotes
a ferromagnetic alignment, and (b) NM thickness #, promotes an
antiferromagnetic alignment. A field H needs to be applied to (a)
to enable similar high resonant frequencies to that displayed at
zero field in (b). The red-colored layers are ferromagnetic, while
the blue is the nonmagnetic spacer layer.
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In this work, we demonstrate that higher frequen-
cies (in excess of 20 GHz) can be obtained for the
zero-field optic mode using SAFs with the structure
CogoFepsBo2(5 nm)/Ru(tRu)/Coo_2Feo,6B0<2(5 nm), where
fry 18 the Ru layer thickness. The Cog,Feo¢Bo, layer
thicknesses are chosen to be comparable to the exchange
length, which ensured that each layer is, internally,
strongly exchange coupled. The samples exhibit large
effective interlayer coupling strengths H.y that are among
the highest seen to date, which leads directly to a high self-
bias f.. We show that the second RKKY AF coupling peak
supports faster precessional dynamics than the first peak
and explore the correlation between Ru layer interface
quality and interlayer coupling strength.

II. SAMPLE PREPARATION AND
CHARACTERIZATION

A series of samples are produced using magnetron sput-
tering on to Si/SiO, substrates (see Appendix Al). The
multilayer structure is Ta(2 nm)/Cog,Fe¢Bg2(5 nm)/Ru
(tru)/Cog2Fep sBo2(5 nm)/Pt(4 nm). Ru is chosen as the
spacer layer material due to the strong interlayer coupling
it can support [34]. Cog,Feq¢Bo2 is selected as the fer-
romagnetic component as significant literature exists on
the high-frequency properties of Co-Fe alloys containing
B [17,18,43—45]. Ta is used as a seed layer, with Pt or Pd
used as a capping layer to inhibit oxidization of the films.
An extensive optimization process is undertaken where dc
sputtering power is reduced to ensure smooth layer growth
throughout the structure, with rf sputtering used for the
Ru layer to achieve precise control over nonmagnetic layer
growth (see Appendix Al).

)
(=2
N

The layer structure of the multilayers, shown in Fig.
2(a), is determined using X-ray reflectivity (XRR) where
the data are fitted to a Fresnel model using the GENX
software package (see Appendix B1), with an example
fit presented in Fig. 2(b). The data for a series of films
where the Ru thickness is varied while the layer thick-
nesses of the Cog,Feog¢Bo2 FM layers are kept constant
are summarized in Fig. 2(c). It can be seen that two dis-
tinct growth regimes are observed as Ru layer thickness
increases. These data support a hypothesis of an initial
island growth stage that subsequently coalesces to form a
continuous Ru film at approximately 1-nm thickness. The
roughness of the Ru layer decreases with deposition time
[Fig. 2(c)], as expected from this growth model. The aver-
age roughness in the island growth regime is 1.1 nm and in
the continuous regime it is 0.6 nm. Antiferromagnetic cou-
pling is found in the case of fg, = 0.6 nm and #g, = 1.1 nm,
which are referred to as SAF1 and SAF2 respectively.
The properties of a single Cog,Feg¢Bo» layer, structure
Ta(2 nm)/CogFe ¢Bo2(9 nm)/Pt(4 nm), is also presented
and referred to as SL.

II1. STATIC MAGNETIC PROPERTIES

Vibrating sample magnetometry (VSM) is used to deter-
mine the static magnetic properties (see Appendix B2).
M-H hysteresis loops for the SL, SAF1, and SAF2 samples
are presented in Fig. 3, which demonstrates the changing
magnetic characteristics of the films with increases in Ru
thickness. In the case of SAF1 and SAF2, an AF coupling
between the FM layers means that as the external field is
decreased, the magnetization decreases until a plateau is
reached, where an antiparallel alignment of the layers is
achieved. The finite value of magnetization for this plateau
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FIG. 3. M-H hysteresis loops
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is due to minor differences between the two FM layers
that are experimentally unavoidable. The saturating field
for SAF1 is around 5 kOe, while for SAF2 it is around
6.5 kOe. This is significantly greater than the approxi-
mate value of 2 kOe reported in previous works [21],
leading to the conclusion that these samples also display
large interlayer coupling strengths (Jigc), and demonstrate
a high Hey [41]. Figure 3(d) shows the interlayer coupling
as a function of Ru thickness, with the first and second
AF RKKY interaction peaks observed at tg, = 0.6 nm and
fry = 1.1 nm. The effective interlayer coupling strength Hey
is calculated using [21]

2 Jiec

- Ms (t + 1)’ “)

ex

where f, and ¢, are the thicknesses of the two FM layers
and Jigc is given by

Lty

Jiec = My Hs ,
at tx+ty

®)

where Hg, is the saturating external field [46].

The coercive field versus Ru thickness is plotted in
Fig. 3(d) (inset), which demonstrates that the AF coupling
is correlated with an increase in the coercive field (H,).
This behavior is easily understood as AF coupling provides
an additional energy term (Jigc) that must be overcome to
align the system ferromagnetically with an applied mag-
netic field. The measured oscillation period compares well
with expectations in the literature [47], and the theoretical
period is calculated to be 0.5nm from Eq. (2), while the

experimentally determined value is A~0.7 nm. The differ-
ence between these values is mostly likely caused by the
effects of interfacial roughness as it has been shown that
roughness can have the effect of broadening the interlayer
coupling peaks and introducing an asymmetry [33]. The
RKKY interaction is expected to be strongest at the first
AF coupling peak [34]. However, these data show that Jigc
is only slightly reduced at the second AF coupling peak.
We ascribe this to the smoother Ru interface, as shown in
Fig. 2(c). This suggests that improvements in film growth
could further increase AF coupling strength.

IV. DYNAMIC MAGNETIC PROPERTIES

Dynamic properties are measured using a broadband
vector network analyzer ferromagnetic resonance spec-
trometer (VNA FMR) at room temperature with the mag-
netic field applied along the plane of the samples (see
Appendix B3). The resonance is characterized using the
VNA S|, absorption parameter. Figures 4(a)4(c) show
examples of individual spectra measured using applied
magnetic fields of 0 Oe, 1 kOe, and 8 kOe for each of the
samples investigated. These applied magnetic field values
are chosen to demonstrate the dynamic properties of the
range of magnetic configurations attainable in these SAF
structures. In the case of SL [Fig. 4(a)] only a conventional
acoustic mode (AM) is measured as expected, while in the
case of SAF1 [Fig. 4(b)] and SAF2 [Fig. 4(c)] both acous-
tic and optic modes (OM) are present. Figures 4(d)}4(f)
show two-dimensional maps of the resonance spectra as a
function of applied field and frequency. These data exhibit
a range of frequencies over which both the AM (Kittel
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mode) and the OM occur, and demonstrate a zero-field
OM of 18.2 £ 1.2 GHz in the case of the first AF maxi-
mum (sample SAF1) and 21.13 £0.01 GHz at the second
AF maximum (sample SAF2), contrasting with the zero-
field SL resonance of 2.8 &= 0.1 GHz, which is due to the
presence of a finite H. In order to analyze these spectra in
more detail we consider three regions that are determined
by the applied magnetic field. In the high field (region I)
of SAF1 and SAF2 and at all field values in the SL sample
we find only the expected AM resonance. As the applied
field is reduced (in magnitude) a dual mode exists (region
IT) where the magnetization vectors are reorienting from
a parallel to antiparallel alignment, while for low applied
fields (region III) only the OM associated with antiparal-
lel alignment is obtained. An acoustic mode is not seen
in the AF configuration due to these vectors resonating
in phase but in opposite direction canceling out any mea-
surable response (essentially phase locked) [21,48]. The
experimental data show that the optic mode endures to
much higher fields than has been reported previously, van-
ishing at an applied field of approximately 1400 Oe in the
case of SAF2 as opposed to the approximately 300 Oe field
value seen in other literature reports [49].

The VNA FMR experiment also allows the linewidth
of the resonances shown in Figs. 4(a)-4(c) to be deter-
mined. Figure 5 shows how these linewidths vary with
applied field for the OM of both SAF1 and SAF2. It is
likely that the difference in resonant linewidth exhibited by
SAF1 and SAF2 is correlated to the observed change in Ru
growth mode and layer roughness from SAF1 to SAF2, as
demonstrated by Fig. 2(c). However, to verify this hypoth-
esis more detailed simulations than the simple analytical
models we report here are required.

V. MODELING

In order to study the resonant modes of the SAF samples
we employ a simple analytical model for coupled mag-
netic thin-film trilayers developed by Rezende et al. [50]
and Wigen et al. [50,51]. The model describes the res-
onant modes of a SAF structure undergoing a spin-flop
process from an antiferromagnetic to ferromagnetic align-
ment, consistent with the dynamic behavior displayed in
these data. Mathematically, for increasing field the onset
of the spin-flop regime (region II), where the magnetic vec-
tors commence reorientation from antiparallel (region III)
to parallel alignment (region I), starts at Hsg, defined as

Hsp = /Hy(2Hox + Hy), (6)

with the field necessary to align the magnetization of each
layer defined as

Hsat = 2Hex - Hk~ (7)

The angle of the magnetization vectors during the reorien-
tation from antiferromagnetic to ferromagnetic alignment
with increasing field is defined as

. H
sinf = ————, (8)
2Hex — H;

where 6 is the angle of the magnetization vectors from
the easy axis of the in-plane anisotropy, which is also the
direction along which H is applied. In the case of
the antiferromagnetically coupled regime (H < Hgg), the
expected resonant frequencies are given by

14

fe= —\/H2 - H,f + (Hy + Hex) QHx + 4 M) £ |:

2

H2(2H; + 4w M) (QH;, + 4 M, + 4H. )+ 17 ©)
H2 (47 M,)? ’

where £ (f_) is the optic (acoustic) mode resonant frequency. In the spin-flop region (Hsp < H < Hgy), the resonant

frequencies are given by

fe= %\/[ZH‘; + Hi(Hex 4 47 My)[8in*6 + (Hex 4 47 My) (Hex — Hy) — H2, = Hex [

(2Hoy + 87 M, + Hy)sin?0
_(Hk + 47TMS) ’

(10)

where, conversely, . () is the modeled acoustic (optic) mode resonant frequency. In the saturated regime (H > Hgy), the
acoustic mode is described by Eq. (1) with an OM resonance given by a slight modification to this equation incorporating

Hy:

fo= 2l\/(H+Hk—2Hex)(H+Hk—2Hex—|—4nMS). (11)
T
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FIG. 4. S, absorption profiles for different applied fields for (a) single-layer Cog,FegsBo2 (SL), (b) synthetic antiferromagnet with
interlayer coupling on the first antiferromagnetic RKKY peak (SAF1), and (c) synthetic antiferromagnet with interlayer coupling
on the second antiferromagnetic RKKY peak (SAF2). The resonant linewidth (Af") is highlighted. Two-dimensional maps of the
resonant spectra and modeled behavior (dashed lines) of the acoustic mode (AM) and optic mode (OM) are displayed for (d) SL,
(e) SAF1, and (f) SAF2. The three magnetization regimes are highlighted: region I where the magnetizations of the layers are ferro-
magnetically aligned, region II where the magnetization of each layer are undergoing a spin-flop reorientation, and region III where
the magnetizations are in an antiferromagnetic configuration.

As shown in Figs. 4(d)4(f), this simple model success-
fully reproduces the major features of the measured res-
onances, with parameter optimization performed using a
least-squares fitting procedure between the modeled and
measured Kittel mode present in the saturated and spin-
flop regime. The functional forms of the acoustic and
optic modes are very well described by the model. How-
ever, the modeled OM frequency is higher by 22% and
16% for SAF1 and SAF2, respectively. The simple model
also does not capture the behavior of the OM through-
out the spin-flop phase (region II) with a field insensitive

resonance with diminishing intensity observed experimen-
tally. It is hypothesized that these differences are due to
additional contributions to the resonant dynamics of the
spin-flop and antiparallel regimes beyond that accounted
for in the parameters of the model, such as spin pumping
or the role of lateral spin transport due to local variations in
the interfaces present within the system [52,53].

The parameters obtained from the model are presented
in Table I. This approach allows values for H; and Hey
to be obtained that are typically difficult to deconvo-
lute.
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FIG. 5. Resonant linewidths (Af") of the optic modes of syn-
thetic antiferromagnets with interlayer coupling on the first
antiferromagnetic RKKY peak (SAF1) and on the second antifer-
romagnetic RKKY peak (SAF2). The two magnetization regimes
where an optic is present are highlighted: region III where the
magnetizations of the layers are antiferromagnetically aligned,
and region II where the magnetization of each layer is undergo-
ing a spin-flop reorientation. Error bars are within the symbols
for some data.

The fitted FMR data shows that two characteristics are
needed to achieve enhanced optic mode resonant frequen-
cies: namely an in-plane uniaxial anisotropy and RKKY
coupling between the two FM layers. The effective inter-
layer couplings Hy extracted from the model of the FMR
data are only slightly lower than those expected from
VSM measurements. This supports the analytical extrac-
tion of He from the static and dynamic measurements.
The closer agreement between these two values for SAF1
than for SAF2 could possibly be due to dynamic effects
that may influence higher-frequency dynamic behavior
to a greater degree, such as phenomena related to spin
transport .

The model also predicts the presence of a small in-plane
uniaxial anisotropy, which has also been experimentally
observed from rotational VSM measurements (see Supple-
mental Material [54]). The model of the acoustic mode
for SAF1 and SAF2 indicates that Hj is approximately
half the value of that found for the SL. Hence, uniaxial
anisotropy is present in all samples, although no deliber-
ate conditions are employed to induce anisotropy. It can
therefore be concluded that this is likely to be an intrinsic
property of the material [55]. Analysis of the Landé g

TABLEI. Parameters obtained from fitting the FMR data to the
analytical model proposed by Rezende et al. [S0]. The effective
coupling from VSM measurment is found using Egs. (4) and (5).

Sample g M Hy FMR: VSM:
(emu/cm®) (Oe) H, (Oe) H, (Oe)
SL 2.03 1300 58 — -
SAF1 2 1300 30 1950 1980
SAF2 2 1300 30 2300 2580

factor shows that a value of 2.03 provides a better fit to the
single-film dynamics whereas a value of 2.00, the lower
boundary, is optimum in the case of the SAF systems. This
reduction is possibly due to breaking of inversion symme-
try through the inclusion of an Ru layer or intermixing of
ferromagnetic layer with nonmagnetic Ru [56].

VI. CONCLUSION

In summary, we demonstrate the highest optic mode
resonant frequencies in synthetic antiferromagnets at zero
applied magnetic field reported to date. The measured
resonant frequencies at zero field are 18.24+1.2 GHz
and 21.13 £0.01 GHz for samples on the first and sec-
ond antiferromagnetic peaks of the RKKY interaction,
respectively. This represents approximately an order-
of-magnitude increase compared to the resonance fre-
quency of a single CogyFeysBo, layer, 2.8 0.1 GHz.
The individual ferromagnetic layers are significantly thin-
ner than those previously reported [37], which could
result in a smaller signal output when incorporated
into a device architecture. A simple analytical model is
remarkably successful at reproducing all the major fea-
tures of the SAF resonances. The parameters obtained
from the model also show good agreement with the
data, but some differences are found for H., and Hgy
when compared with the values expected from static
(VSM) measurements. The SAFs possess both in-plane
uniaxial anisotropy and interlayer coupling, which are
essential components to achieve high-frequency optic
mode resonances. This work has shown that smoother
(Co,Fe)B-Ru interfaces offers one route to key techno-
logical improvement. The correlation of structural, static,
and dynamic characterizations highlights the use of the
second, and potentially also higher-order, antiferromag-
netic peaks to drive the self-bias resonance frequency of
synthetic antiferromagnetic systems into the subterahertz
range.
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APPENDIX A: FABRICATION METHODS

1. Thin-film sample preparation

Fabrication of the samples is accomplished using
an AJA ATC 2200-V magnetron sputtering system.
The substrates employed are Si/SiO, where the oxide
layer is 290 nm. No deliberate substrate heating is
used. The overall structure of the metal layers is
Ta/Cog,Feg¢Bo2/Ru/Cog,Feg¢Bo, with a Pt or Pd cap
employed. The deposition of the Ta, Cog,Feg¢Bo.2, and Pt
layers is done using dc magnetron sputtering from either
elemental or, in the case of Cog,Feo¢Bo2, alloy targets.
The purpose of the Ta is to act as an adhesion layer and
to provide a smooth platform off which to grow the film
stack. The Ta and Cog,Fe( 4By are deposited at a power
of 20 W, with the cap layer deposited at 100 W. The Ru
layer sandwiched in the middle of the CogFeq 6By, layers
is deposited through rf sputtering at a power of 75 W. The
base pressure prior to deposition is 10~® Torr, with no in
situ magnetic fields applied. The working pressure of the
Ar" gas is between 3 and 4 mTorr.

APPENDIX B: CHARACTERIZATION METHODS

1. Structure characterization

The structural properties of the layers are determined
using X-ray reflectivity. The measurements are carried out
using a Rigaku Smart Lab system using a 3 kW Cu Ko
source. All measurements are performed over a 26 range
of 0.1-8.0° with a step size of 0.01°. The data are fit-
ted to a Fresnel model by means of the Parratt recursive
algorithm [57] using the GENX simulation package [58].
The fitting is performed until the reduced x? figure of merit
is optimized. This provided information on the thickness,
roughness, and density of the constituent layers.

2. Magnetic measurements

Magnetization versus applied magnetic field (M-H)
loops are measured through VSM using a Microsense
Model 10 vector VSM. The samples are prepared using
a Southbay disk cutter to provide an 8-mm disk for the
VSM measurement. These measurements were performed
using an in-plane applied magnetic field up to 20 kOe
to guarantee saturation of the magnetic domain structure.
Background correction is applied by obtaining the linear
fit to the saturated region of the hysteresis loop, with its
gradient determining the diamagnetic response present.

3. Ferromagnetic resonance measurements

The high-frequency properties of the films are deter-
mined using a VNA FMR setup. This setup employed
a picoprobe waveguide and a Keysight VNA N5224A,
which is capable of frequency measurements in the range

10 MHz43.5 GHz. The probes are contacted to a ground-
signal-ground waveguide placed within a magnetic field
of up to 1.4 T provided by a GMW electromagnet. As a
flip-chip experiment, the sample is placed face down upon
the waveguide for characterization, with a natural air bar-
rier sufficient to prevent the shorting of the waveguide.
The operating principle of this method is that the mag-
netic configuration of a film under test will be perturbed
by a rf magnetic field due to the electric pulses traversing
the waveguide. When the frequency of the perturbation by
this small magnetic field is equal to the resonant frequency
of the system, a large absorption of this rf energy takes
place that causes the transmission of energy through the
waveguide (measured through the S}, parameter) to sig-
nificantly decrease [15,59]. This method is carried out by
performing frequency sweeps for a range of applied exter-
nal fields as opposed to the conventional field sweeps for
set frequencies.
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