Broadband characterization of stress induced anisotropy in
nanocomposite Cory gFes 7Mng 7NbySisB1y

Abhishek Srivastava!, Kayla Cole!, Alicia Wadsworth?, Thomas Burton?, Claudia Mewes!,

Tim Mewes®, Gregory B. Thompson?, Ronald D. Noebe?, and Alex M. Leary?

Department of Physics and astronomy, The University of Alabama, Tuscaloosa, AL 34501,
USA
2Department of Metallurgical and Materials Engineering, The University of Alabama,
Tuscaloosa, AL 34501, USA
3Materials and Structures Division, NASA Glenn Research Center, Cleveland, OH 44135,
USA

Abstract

We report on the broadband characterization of Cory gFes 7Mng 7NbySisB14 (at%) melt-spun, soft mag-
netic alloy ribbons after various secondary processing treatments. Ribbons were investigated in the as-cast
(melt-spun) condition, after annealing under stress at 50 — 200 MPa, and after transverse magnetic field
(TMF) annealing. The magnetization dynamics of these materials have been studied from 10 - 60 GHz
using ferromagnetic resonance (FMR). The in-plane uniaxial anisotropy was determined from the FMR data
and permeability extracted for each condition. The permeability determined from broadband FMR was in
good agreement with independently determined values using vibrating sample magnetometry and impedance
spectrometry of toroidal cores. The effective damping parameter (ceys) of all the samples was close to 0.015

except for the TMF sample, which showed higher damping, possibly due to two magnon scattering.



1 Introduction

Nanocomposite soft magnetic materials consist of nanocrystalline grains dispersed in an amorphous ma-
trix [1]. The principle method for forming this type of material is to start with an amorphous precursor,
usually melt spun ribbon, followed by thermal annealing, which partly devitrifies the material. One vari-
ation on this technique is to apply a stress to the ribbon while annealing the material, which provides an
added benefit of being able to induce a controlled magnetic anisotropy. By changing the annealing condi-
tions and the stress during annealing the magnitude of the induced anisotropy [2] as well as easy axis of
the anisotropy can be tuned [3]. Co-rich nanocomposites exhibit an increased relative strain at fracture
when compared to Fe-based nanocomposites [4], and have recently been shown to be excellent candidates
for in-line stress-annealing techniques [1].

The permeability of nanocomposites is one of the key material parameters that determines their usefulness
for inductive components in high power electronics, transformers and electrical motors. In this article, we
report on permeability measurements of Cory gFes 7Mns 7NbySiaB14 (at%) after various annealing conditions
using three different methods, vibrating sample magnetometry (VSM), impedance measurements of toroidal
cores, and ferromagnetic resonance (FMR), and found the results to be in close agreement. This establishes
FMR as an alternative method to determine the permeability of nanocomposite ribbons, while at the same
time probing the high frequency dynamics of the materials. The method can be adapted for nondestruc-
tive permeability measurements by correcting for geometrical effects and might enable in-situ permeability
measurement providing an advantage over conventional methods, which are destructive in nature.

High frequency damping characteristics are another important parameter for these types of soft mag-
netic materials when considered for applications like electromagnetic shielding [5] and high frequency power
conversion [6]. Due to its high magnetic moment and soft magnetic properties, Co-base alloys, such as
the Corq.6Fes7Mng 7NbySioB1y studied here, can also be used as a soft magnetic underlayer for magnetic
flux concentration in perpendicular recording systems, for which the high frequency response is particularly
important [7, 8]. We have extracted the effective damping parameter (aeyy) and inhomogeneous linewidth
broadening (AHj) from broadband FMR measurements, which show that both parameters are unaffected
by stress annealing and are not significantly different from the as-cast samples. However, for samples an-
nealed in a transverse magnetic field we find a significantly enhanced effective damping and inhomogeneous

linewidth broadening.



2 Experimental techniques

Amorphous Cory gFes 7Mng 7NbySisB14 (at%) ribbon, approximately 25 mm wide and 22 microns thick,
was produced using a pilot-scale, planar-flow melt spin system. Melting and casting were performed in
air under an inert gas-shrouded environment. In addition to studying the as-cast amorphous ribbon, two
secondary annealing treatments were applied in air to the as-cast ribbon to produce different nanocomposite

structures:

1. Transverse magnetic field annealing (TMF) at 540 °C for 1 hr with a 2 T magnetic field applied

perpendicular to the ribbon long axis in the ribbon plane.

2. Stress annealing (SA) where sections of the ribbon were annealed while moving through a furnace at 560
°C under various tensions (50 to 200 MPa). Segments of ribbon underwent heating for approximately

5 seconds during this in-line anneal.

The saturation magnetization, M, of the as-cast and annealed materials were measured using a Lake
Shore 7400 Vibrating Sample Magnetometer (VSM). Density of the as-cast and annealed material is p = 8.35 + 0.05 g/cc
and accuracy of specific magnetization was within 1 Am?/kg for the ~20 mg samples, resulting in a 1.7%
accuracy for the measured induction values (B) from the VSM data. FMR measurements were performed
on a custom system that utilizes a coplanar waveguide (CPW), capable of exciting the sample with a mi-
crowave field between 1 to 65 GHz [9]. FMR measurements used a fixed microwave frequency and swept the
external applied field to obtain resonance in the sample. Power transmitted through the sample located on
the CPW is detected using a Schottky diode with a lock-in technique by adding a small modulation field to
the applied field [10]. For the measurements on the nanocomposite ribbons, the modulation frequency was
fmod = 800 Hz and the modulation field, poH o4, was varied linearly with microwave frequency from 2 mT
at 10 GHz to 4mT at 56 GHz.

Three different techniques were used to measure magnetic anisotropy and permeability; impedance mea-
surements on wound cores, in plane FMR using 6 mm discs, and in plane VSM using 3 mm discs. Impedance
spectra of TMF and SA toroidal cores with cross section A, and path length ¢, were wound with two N = 50
turn bifilar windings and were measured using a Keysight E4990A Impedance Analyzer. Material perme-
ability was determined using the measured equivalent series inductance at 10 kHz from the primary winding
with the secondary winding open (L, ) and shorted (Lg). The measured inductance L,,, = L,— Ly corrects for
the leakage effects and the relative permeability u,. is obtained from L,, = N2 A1, /¢ with pg equal to the
permeability of free space. In-plane FMR and VSM measurements used disc samples punched from ribbons

and mounted to the flat end of a glass rod that is free to rotate about its axis by a servo motor. Figure 1



describes the coordinate system of the large, quasi-DC applied field that was swept over the resonance field
at a fixed frequency in the FMR and swept between positive and negative values that saturated the disc
sample in the VSM to measure hysteresis. Both in plane techniques varied the field angle 6 to achieve a full
360° rotation with 5° increments, where 6 = 0° orients the quasi-DC field parallel to the long axis of the
ribbon, which was also the direction of applied stress during stress annealing. Anisotropy values from the

FMR and VSM techniques were derived from measured values as described below.

Figure 1: Coordinate system describing the applied DC field for in-plane disc measurements.

3 Results

Figure 2a shows a typical FMR spectrum at § = 0° and a fit using the first derivative of a Lorentzian
with both absorptive and dispersive contributions [11, 12]. From this fit, the resonance field, H.s, and the
linewidth, AH, are determined. In this example, the resonance field pgH,cs = 1.1 T and linewidth ugAHpp
= 44.3 mT for a 3 mT modulation field at 800 Hz. By measuring the H,.s over a broad frequency range
one obtains the data shown in figure 2b. This data is well described by the Kittel equation (Eq. 1) for a

material with a uniaxial in-plane anisotropy, K,,, measured along the hard-axis [13, 14].

f = Mo - ’}/\/[Hres - Hu] [Hres + Meff] (1)
Where M.y is the effective magnetization, the reduced gyromagnetic ratio v = 7=, and the in-plane
2K,

uniaxial anisotropy field H, = where K, is the uniaxial anisotropy constant and M is the saturation

oM

magnetization . The effective magnetization accounts for both the shape anisotropy of the disc and the

perpendicular anisotropy and is given by




where M, is the saturation magnetization and K, is the out-of-plane perpendicular anisotropy of the ribbon.
For samples with K| = 0 the effective magnetization is equal to the saturation magnetization of the sample.
The values of M.s¢ and 7', obtained by fitting the experimental data using Eq. 1, are summarized in Table
1 and shown in figure 3. The effective magnetization (figure 3a) for the as-cast sample is slightly higher than
the stress annealed samples and no significant dependence on the stress during annealing is observed. Also,

the gyromagnetic ratio (figure 3b) remained constant within the error margin for all samples.
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Figure 2: a) Field swept FMR spectrum measured at 46 GHz for a sample stress annealed at 100 MPa. b)
Frequency dependence of FMR resonance field of all the samples. The continuous lines represent the fit to
the experimental data using Eq. 1.

While the fit of broadband FMR, data also results in a parameter for the anisotropy field, H,, in the
sample, this value should only be considered a rough estimate of the anisotropy field. For completeness these
values are listed in Table 1 with the label 'Kittel’. Because the measurements were only carried out with
the field applied along the spin-casting direction, no conclusion regarding the symmetry of the anisotropy
can be derived from those measurements alone. However, as can be seen in figure 2b the ferromagnetic
resonance frequency drops to zero at finite positive fields indicating that this is a hard axis of the sample.
Furthermore, we note that the magnitude of H,, determined in this fashion, will sensitively depend on the
relative alignment of the field with respect to the anisotropy axis of the sample. This systematic error is not
included in the error margins in Table 1, which are based solely on the statistical error of the anisotropy field.
The correlation of the different fit parameters in Eq. 1 further adds to the uncertainty of this value. Thus
in order to obtain precise values for H,, we have performed in-plane angle dependent FMR measurements
for all samples, which clearly show the uniaxial nature of the anisotropy.

The nature of the magnetic anisotropy becomes evident by varying 6 during FMR measurements. For the
as-cast and TMF samples, the FMR technique shows no significant in-plane anisotropy, as is evident in figure

4 (a) and (b), respectively. Stress annealed samples do show clear minima in the angular variation of the
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Figure 3: (a) Effective magnetization, M.sy, and (b) the reduced gyromagnetic ratio, 7/, extracted from
broadband FMR measurements for all the samples. The data points represent the different stress annealed
conditions, the dashed horizontal line represents the corresponding parameters of the as-cast ribbon, and

dotted line corresponds to the ribbon sample annealed in a transverse magnetic field (TMF).

. stress annealed | stress annealed | stress annealed | stress annealed . ,
@300 K as-cast at 50 MPa at 100 MPa at 150 MPa at 200 MPa | Annealed in TMFE
poMeg¢[T] 1.01 £ 0.01 0.92 + 0.03 0.91 + 0.05 0.91 + 0.03 0.91 + 0.02 0.93 + 0.01
+'[GHz/T)| 30.08 + 0.07 30.3 £ 0.2 30.26 + 0.03 30.21 + 0.02 30.36 + 0.01 30.50 + 0.05
1o H,, (Kittel)[mT] 441 14+3 25.6 £ 0.6 39.9 £ 04 51 + 3 3+1
poH, (in-plane rotation)[mT)] 0+2 13.6+ 0.1 26.3 + 0.2 36.2 + 0.2 411+ 04 0+4

Table 1: Parameters extracted from Kittel plot

resonance field, as shown in figures 4 (c)-(f), that indicate an easy direction near # = 90°. Assuming that the
magnetization is aligned with the externally applied field for all angles, i.e. 0y; = 6 and for My > H,..s > H,
an approximate analytic expression for the in-plane angular dependence of the resonance field is given by

14, 15, 16]:

Hres = HO - H; COS(2(0M - 90)) (3)

In this equation the angle of the magnetization, 0, is defined relative to the easy axis located at 6y. As
noted above, the easy axis for the stress annealed samples is perpendicular to the direction of applied tensile
stress, i.e., p = 90°. A fit of the experimental data using Eq. 3 is shown in figures 4 (c¢)-(f). While the
parameter H! in Eq. (3) is often identified as the uniaxial anisotropy of the material, the assumptions

underlying the derivation of this equation imply that H! # H,, where H, is the anisotropy field introduced



in Eq.(1)[14]. However, the two quantities are related by the following expressions:

1
Hy = (—b+ VbE = 4c> with (4)
1/ -
b= (6 u+2Meff),
]‘ r72 f2 2
08< u74W7M€ff and
- f2

Hy = | M2, + 4= — 4H,,

e
Therefore by fitting the in-plane angular variation of resonance field, H,.s, as a function of the direction of
external magnetic field, using equations (3) and (4) we obtain the uniaxial anisotropy field in the material,
H,. These values are indicated in figure 4 and listed in Table 1 with the identifier 'in-plane rotation’, the
values pgH, range from 13.6 mT for the sample stress annealed at 50 MPa to 41.1 mT for the sample
stress annealed at 200 MPa. The data in Table 1 also show that the statistical error margins of the uniaxial
anisotropy field obtained from in-plane angle dependent measurements for the stress annealed samples is
significantly lower than those obtained from frequency dependent data.

Broadband ferromagnetic resonance measurements also provide valuable information about the relaxation
in the samples [17]. The analysis of this information is based on the frequency dependence of the linewidth,
shown in figure 5. Based on Suhl’s formula [18], which is valid when § = 6,;, the frequency dependence of

the linewidth is [19, 20, 21]:

2 f
AH = AHy+ = -agpr- = 5
0t 5 ert (5)

Here, f is the microwave frequency, a.sy is the effective Gilbert damping parameter, AH is the peak-to-peak
linewidth, AHj is the linewidth extrapolated to zero frequency, and +' is the reduced gyromagnetic ratio.
The parameters extracted from linewidth vs. frequency data are shown in figure 6. The damping coefficient,
Qegs , for the as-cast and strain annealed samples are of the same order of magnitude (see figure 6b and
Table 2) indicating that relaxation is not affected by stress annealing. Moreover, similar values of AHj (see
figure 6a and Table 2) suggest that the magnetic inhomogeneity also does not depend on stress annealing
of the material. However, both values are significantly different in the case of the transverse magnetic field
annealed sample (Table 2). A nonlinear frequency dependence of the linewidth as observed for the TMF
sample (see figure 5) is indicative of a strong two-magnon scattering [14, 22].

The saturation induction, Bs; = puoM,, measured using VSM, of the as-cast ribbon, the TMF, and 100

MPa SA samples were 1.01 T, 0.94 T, 0.99 T, respectively. Saturation induction is known to decrease
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Figure 4: In-plane angular variation of resonance field at 20 GHz of a) as-cast, b) annealed in transverse
magnetic field (TMF), c¢) stress annealed at 50 MPa, d) 100 MPa, e) 150 MPa and f) 200 MPa. Zero degree
corresponds to the spin-casting direction and also the stress axis in SA samples. The experimental data is
shown as blue squares, and the fit is shown as a continuous line.
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Figure 5: Frequency dependence of the FMR linewidth of all Cor4 g¢Fes 7Mny 7NbySisB1s samples. The
continuous line is fit to the data using Eq. 5

stress annealed | stress annealed | stress annealed | stress annealed .
@300 K as-cast at 50 MPa at 100 MPa | at 150 MPa | at 200 MPa | 21nealed in TMF
HoAHo[mT)| 109 £ 04 13.2 £ 0.7 12.9 + 0.6 19.2 £ 0.7 17.8 £ 0.6 30 £ 2
« 0.0152 4= 4E-4 | 0.0164 &+ 4E-4 0.0159 + 3E-4 0.0151 &+ 2E-4 0.019 + 1E-3 0.026 +1E-3

Table 2: Parameters extracted from linewidth vs frequency data

during annealing, as previously reported for this class of Co-rich materials [23], and longer annealing time
above the primary crystallization temperature ~ 420 °C, produce lower induction materials compared to
shorter annealing times. Thus, the 1 hour treatment at 540 °C for the TMF sample significantly reduces the
saturation induction compared to the as-cast material, while there is very little change after strain annealing,
since the sample was at temperature for only about 5 seconds. The saturation values derived from FMR data
(Table 1) agree well with B, values measured using the VSM. It is worth mentioning in this context that
FMR measurements do not require knowledge of the volume or mass of the sample but instead solely rely
on precise measurements of the resonance field. Magnetic anisotropy can also be determined from torque
measurements in a VSM equipped with at least two coils to detect orthogonal magnetization components
[24]. The torque 7 is produced by the magnetization perpendicular to the effective field that accounts for
shape anisotropy as 7 = poM | H.fr¢. For magnetization oriented at 65 from a uniaxial easy axis in the
same plane, the energy is [25] E, = Ky + Kmlsin2 (Oar) + Ku7gsin4(9M) + -+ and the anisotropy constants
can be derived by fitting the torque curve to a Fourier series. Anisotropy constants can also be calculated
from a single magnetization curve if H.y; accounts for shape anisotropy [26]. While shape anisotropy is
significant in the disc samples described here favoring an in-plane orientation of the magnetization over an
out-of-plane orientation closure domains near the surface can stabilize bulk domains with significant out of

plane orientations. Furthermore the shape anisotropy is isotropic in the plane of the disk. The proposed VSM
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Figure 6: (a) Linewidth extrapolated to zero field and (b) effective damping constant extracted from
the frequency dependence of linewidth, obtained from broadband FMR measurements for the as-cast
Coryg.6Fea s Mng 7NbySioBy4 alloy and after different annealing treatments. The data points represent the
different stress annealed conditions, the dashed horizontal line represents the corresponding parameters of
the as-cast ribbon, and dotted line corresponds to the ribbon sample annealed in a transverse magnetic field
(TMF).

technique does not require direct measurement of the demagnetizing fields and follows from the magnetic

energy, given as:

E=EFE.+E,+FEy —M-H. (6)

where E., is exchange energy, E, is anisotropy energy, Ej is energy due to shape anisotropy and last term
is the Zeeman energy.

In randomly oriented nanocomposites where the magnetocrystalline anisotropy is effectively averaged,
the exchange energy E., is isotropic and the shape anisotropy FEp for the disc geometry of our sample is
also isotropic in the ribbon plane. Consequently, the induced anisotropy energy K, can be measured using
the VSM by comparing the susceptibility (x = %) of discs magnetized across different in-plane directions
as in Eq. 7, which assumes constant y to saturation.

1 1 1

- = 75 Hk,hard - Hk,eas 7
Xhard Xeasy Ms( y) ( )

As all the energy terms are isotropic in the plane of the disc for H — 0 the energy difference between easy

and hard axis Fhrard — Feasy = AK,. With AK,, = %MoMs(Hk,hard — Hy cqsy), one has

M? [ 1 1
AK, = 107 ( - ) (8)
2 Xhard Xeasy

With the permeability of free space pg = 4w x 10~ "m - kg/s?- A%. The saturation magnetization M, = p- o

10



(0s: mass magnetization) is determined by saddling the sample between the VSM poles and applying a
saturating field. Small sample movement from the initial saddled position, as 6 varies, can be detected
by monitoring o4(f) under sufficiently high fields. This misalignment creates an error in the measured
magnetization that can be corrected by scaling the measured data by the saddled, saturated value. Figure
7a shows o vs H measurements along the easy and hard directions of an SA 100 MPa sample. The applied
field at each @ varies as H = ,/H2 + Hg as shown in Figure 1 and yx at each radial field position on the
positive portion of the hysteresis loop can be plotted to show the K, symmetry in the material. Figure 7
b and ¢ show radial susceptibility plots of 100 MPa SA and TMF samples, respectively, where the ribbon
axis runs parallel to the § = 0 direction. Darker colors correspond to lower permeability with the black
regions illustrating the saturating fields with respect to #. Both materials show uniaxial symmetry and the
SA material requires a higher saturating field along the ribbon axis direction compared to the TMF material.

Equation 8 is only valid if the angle dependent energy is dominated by the induced anisotropy. This is
checked by comparing the energy product M (6)H () where M is the measured magnetization of the sample
and H is the external applied field. If M()H () is proportional to Xnara + Ax - sin? @ at a fixed H value,
the conditions required for Equation 8 are satisfied. Consequently the susceptibilities for Eq. 8 can be
determined by fitting xparqd + Ax - sin?  function to the y vs 0 values at H — 0, where Ay = Xeasy — Xhard-

Figure 8 shows fits to data at 100 A/m that yield xpqerq = 82.0£0.6 and Xeqsy = 117.0£0.6 for the TMF
sample and Xnard = 27.5 £ 0.5 and Xeqsy = 106.0 £ 0.5 for the 100 MPa SA sample. The corresponding K,
values are 1294440 J/m? for the TMF and 104754350 J/m? for the 100 MPa SA samples. The susceptibility

measured along the easy axis is slightly lower than the maximum effective susceptibility expected for the

disc shaped samples Xcasy,maz = NLH = 143, where N|| = N, = N, = 0.007 is the in-plane component of
the demagnetizing tensor . This is expected as defects in the samples will reduce the measured susceptibility.

Taking p, =1+

]I\{/IS = AI;[— yields p, = 274 + 15 for the TMF sample and p, = 37.2 &+ 1.8 for the 100 MPa

SA sample, as derived using the VSM technique. The relative permeability value is an intrinsic material

property.
relative permeability | stress annealed | stress annealed | stress annealed | stress annealed | stress annealed TMF
at 300K at 50 MPa at 100 MPa at 150 MPa at 200 MPa at 2560 MPa
Toroid method 73+ 4 43 + 2 32+ 2 26 + 1 23+ 1 262 £ 5
VSM method - 37T +2 - - - 274 £ 15
FMR method 69 £+ 2 36 + 2 26 £ 1 23 +1 - -

Table 3: Permeability obtained using the toroid method, vibrating sample magnetometry (VSM), and fer-
romagnetic resonance (FMR). In the case of the FMR results, the effective magnetization of the respective
sample obtained using broadband FMR was used to calculate the value listed in the table.
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Figure 7: Hysteresis curves from a) 100 MPa SA sample and b) TMF sample measured with the field applied
along the easy (¢ = 7) and hard directions (¢ = 0). Radial susceptibility x plots for ¢) SA and d) TMF
samples, which show the symmetry of the induced anisotropy and saturating fields.

4 Discussion

The influence of the stress level during the annealing process on the uniaxial anisotropy field for Cor4 ¢Fes 7 Mng 7NbsSioB1y
as determined using in-plane angle dependent FMR, is shown in figure 9. For comparison the values deter-
mined from broadband FMR measurements (black), are also shown. As discussed earlier, the values from
broadband FMR. can only serve as a rough estimate of the true anisotropy as they not only have larger
statistical error margins, but also suffer from systematical errors like misalignment of the sample. Thus
for the following discussion we focus on the uniaxial anisotropy field values, H,,, determined from in-plane
rotation measurements.
For Cor4.6Fes 7Mns 7NbySisB14 the uniaxial magnetic anisotropy increases with increasing stress during
the annealing process, at least over the levels of stress investigated. Thus the magnetic anisotropy induced

by stress annealing in these nanocomposite ribbons can be tuned over a wide range. In typical applications

12



120

100 —

80 —

=

60 —

40

20
\ I | I I
-2 0 w2 s Ini4

0
Figure 8: Angle dependent susceptibility x, measured using VSM at H = 100A/m for

Cora 6Fes 7Mny 7NbySisB1s TMF and 100 MPa SA samples. Fits correspond to Ypara + AY - sin’ 6.

the relative magnetic permeability, p,., of the material in small fields applied along the hard axis is of
particular importance. In this configuration one expects the magnetization reversal to be determined by
rotation of the magnetization from the easy axis of the material toward the field direction [27, 28], resulting
in a nearly constant permeability up to saturation, which in this model occurs at Hy = H,,. With this, one
can determine the permeability of the samples using FMR measurement as p,. = 1+ Aﬁ—f The resulting
permeabilities are shown in figure 10 and in Table 3 in comparison with the results from VSM and the
toroid method. The permeability in the SA samples determined using the toroid method is systematically
higher than those determined using the other methods. Possible reasons for this include the assumption
of a constant permeability until saturation that is used for both the VSM and FMR analyses and any
stress induced in the core during winding. This stress can lead to a permeability measured using the toroid

method that is different from the intrinsic value of the ribbon material [29, 30]. Given these possible issues,

the agreement between the different methods is actually very good.

5 Conclusion

In summary we have studied Cor4 gFea 7Mng 7NbySiaBiy, a soft magnetic alloy in the as-cast (melt-spun)
condition, after stress annealing at 50-200 MPa and after annealing in a transverse magnetic field. In addition
to the established toroid and VSM methods we have shown that broadband FMR provides an alternative
method to determine the permeability of soft magnetic materials. Similar to the VSM method the FMR
method is based on a linear approach to saturation or constant susceptibility.

By combining frequency dependent FMR measurements with in-plane angle dependent measurements we

13
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Figure 10: Comparison of the relative permeability as a function of the stress during annealing determined
using the toroid method, VSM, and using the anisotropy field (H,) obtained from FMR, assuming M, =
Meff .

were able to achieve good agreement of the extracted susceptibility with the other methods.
In addition, broadband FMR also provides precise information regarding the effective magnetization,
gyromagnetic ratio and damping of the material. The damping parameter plays a particularly important

role for the potential use of these materials in high frequency applications.
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