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Abstract: We have used angled magnetron sputter deposition with and without sample rotation
to control the magnetic anisotropy in 20 nm NiFe films. Ferromagnetic resonance spectroscopy,
with data analysis using a Bayesian approach, is used to extract material parameters relating to the
magnetic anisotropy. When the sample is rotated during growth, only shape anisotropy is present,
but when the sample is held fixed, a strong uniaxial anisotropy emerges with in-plane easy axis along
the azimuthal direction of the incident atom flux. When the film is deposited in two steps, with an in-
plane rotation of 90 degrees between steps, the two orthogonal induced in-plane easy-axes effectively
cancel. The analysis approach enables precise and accurate determination of material parameters
from ferromagnetic resonance measurements; this demonstrates the ability to precisely control both
the direction and strength of uniaxial magnetic anisotropy, which is important in magnetic thin-film
device applications.

Keywords: ferromagnetic resonance; magnetization dynamics; magnetic anisotropy

1. Introduction

Magnetic anisotropies in ferromagnetic thin films are of central importance in mag-
netic data-storage, communications, and processing technologies [1]. The uniaxial magnetic
anisotropy provides a means to stabilize magnetization along a pair of antiparallel direc-
tions that can be used to encode digital data; the detailed physical origins of such anisotropy
is not well understood, despite extensive investigation of anisotropy induced by various
methods [2–6].

A common approach to induce uniaxial magnetic anisotropy is oblique angled deposi-
tion, where the material source is positioned away from the substrate normal [7]. This has
been employed with a variety of evaporation and sputter deposition techniques, resulting
in microstructure where either crystal grains are elongated in the film plain along the
direction from which the atom flux is incident [8], or at more extreme incidence angle in a
‘shadowing’ effect whereby columnar grains are tilted toward the incident flux direction [9].
This approach is convenient, since many deposition systems have confocal geometry, where
rotation of the sample is used in an attempt to negate induced magnetic anisotropies [10].

Ferromagnetic resonance (FMR) spectroscopy techniques are frequently used to quan-
tify magnetic anisotropies [11]. The GHz-frequency magnetization dynamics are commonly
described as a damped-driven oscillator within the Landau–Lifshitz–Gilbert equation
of motion,

dM
dt

= −γM × Heff +
α

Ms
M × dM

dt

for the macrospin magnetization M, driven by an effective-field Heff, and damped with a
phenomenological Gilbert damping parameter α. The gyromagnetic ratio, γ = gµB/h̄, is
related to the spectroscopic g-factor via the Bohr magneton and reduced Planck constant,
and provides information on the spin–orbit coupling [12]. The effective field contains
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information on various magnetic material properties [13]; here, in particular, the various
contributions to the magnetic anisotropy.

Under an excitation that balances the damping term, the relation between reso-
nant frequency and applied field can be determined, yielding the well-known general
Kittel equation,

F =
γ

2π

√
B · H,

where B and H are the flux density and applied field at the resonance frequency, F. In the
case of a thin-film with magnetization saturated along the in-plane applied field, the Kittel
equation becomes

F =
γ

2π

√
(H + HK)(H + HK + 4πMeff), (1)

where H is the magnitude of the applied field at resonance and HK is the component of
the in-plane anisotropy field along the direction of the applied field and magnetization.
The effective magnetization is related to the saturation magnetization MS, volume perpen-
dicular magnetic anisotropy field Hk⊥, surface magnetic anisotropy constant KS and layer
thickness tFM by

4πMeff = 4πMS − Hk⊥ +
2KS

MStFM
. (2)

If Hk⊥ > 0 [KS < 0] such that Meff < MS, then the volume [surface] anisotropy
favours out-of-plane magnetization. In the case where the magnetization is saturated out
of the plane of the sample by the applied field, the Kittel equation reduces to

F =
γ

2π
(H − 4πMeff), (3)

which enables unambiguous separation and determination of the effective magnetization
and spectroscopic g-factor, since only γ determines the intercept; there is no such separation
in the in-plane case (Equation (1)).

FMR measurements, thus, enable a breadth of information to be obtained on ferromag-
netic thin-films, including magnetization, magnetic anisotropy, and spin–orbit coupling,
and these can provide indirect information on the material microstructure. In this article,
we use Ni80Fe20 thin films with magnetic anisotropies induced by angled sputter deposi-
tion as a model system to demonstrate the application of a unified Bayesian approach to
modelling broadband FMR measurements. We show that this approach enables extraction
of weak magnetic anisotropies and subtle variations in the material properties.

2. Materials and Methods

We deposited thin films of NiFe (Ni81Fe19—Permalloy) onto ∼8 mm × ∼8 mm pieces
cut from a Si(001) wafer substrate with a 100 nm thermal oxide coating, using an ultra-high
vacuum magnetron sputter deposition system (Mantis Q-prep 500 (Thame, UK)) with a
base pressure below 1 × 10−8 Torr. Films were deposited from an alloy target of the stated
composition under Ar working gas pressure of ∼1.5 mTorr, with deposition rates typically
∼0.25 Å/s. No seed or capping layers were used, and in all films the total NiFe thickness
was nominally 20 nm. Film thicknesses were confirmed using X-ray reflectivity (Bruker
D8 (Karlsruhe, Germany)), measured using Cu K-α radiation. X-ray reflectivity data are
analysed using GenX software [14]. During deposition, samples can be rotated at up to
10 rpm, to prevent induced magnetic anisotropy and enhance large-area uniformity due to
the confocal deposition geometry; the flux impinges on the sample from below, at an angle
of 30 degrees from the sample normal. The sample can also be rotated and held static at
any angle relative to the ‘home’ axis, defined here as having a specific side of the sample
aligned parallel to the vacuum transfer arm into the deposition chamber. In epitaxial Fe
growth on MgO, it has been found that a deposition angle of ∼30 degrees from the sample
normal is the minimum at which magnetic anisotropy begins to be induced [8].
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We discuss here three specific samples: for the first, the substrate is rotated at 10 rpm
throughout the growth (‘rotated’); for the second, the the substrate is held static and aligned
with the ‘home’ axis (‘static’); and for the third, the sample is deposited in two steps—for
the first step, the sample is held static at an azimuthal angle 90 degrees from the ‘home’
axis, and for the second step, the sample is realigned with the ‘home’ axis. Return to the
home axis is automatic, so this combination minimizes the exposure of the intermediate
sublayer interface between deposition steps. Due to the ∼25 cm distance between target
and substrate, the thickness variation across an individual sample (rotated or static) is
around 1 %; the residual stray field from the magnetron sources at the sample position is
weak, and we do not anticipate any field-induced anisotropy component.

Magnetization dynamics were measured using a broadband FMR spectrometer with a
bandwidth up to 40 GHz. The sample is placed film-side against a coplanar waveguide
(Signal Microwave, Tempe, AZ, USA) mounted between the poles of an electromagnet
(GMW, San Carlos, CA, USA) to provide the applied magnetic field. The waveguide
is excited using the amplitude-modulated output of a radio-frequency signal generator
(Rohde & Schwarz, Munich, Germany). Modulation is typically at 5.275 kHz, with peak
microwave power −5 dBm, and the waveguide is mounted such that the excitation field is
always transverse to the applied magnetic field. The microwave absorption by the sample is
obtained from the power output from the waveguide, using a power-detector diode (Krytar,
Sunnyvale, CA, USA) and digital lock-in amplifier (Stanford Research Systems, Sunnyvale,
CA, USA). In this case, the FMR signal can be described as a sum of coupled symmetric
(absorption) and asymmetric (dispersion) Lorentzian lineshapes [15]; the measured power
output from the waveguide is modelled as

P = −A
Γ
2

(
cos ϕ

Γ/2

Γ2/4 + (H − Hres)
2 − sin ϕ

H − Hres

Γ2/4 + (H − Hres)
2

)
, (4)

superimposed on a (generally weak) locally quadratic background. Here, A is a collection
of terms giving the signal amplitude, Γ the full-width at half-maximum (FWHM) linewidth,
H the applied magnetic field, Hres the resonance field, and ϕ the mixing angle, which
couples the absorption and dispersion components of the signal. Making measurements in
this way requires an additional free parameter to fit the background (in field-modulated
measurements [16], a locally linear background is often fitted), but has the benefits that
modulation broadening of the absorption lineshape is absent, and that a higher modulation
frequency can be used, allowing the applied field to be swept more quickly. Error-bars in
the measured power are derived from a combination of the Johnson noise from the power-
detector diode, and the amplifier input noise and digitization noise of the lockin-amplifier.

Measurements are made with the applied field either out of the plane of the sample,
or in the sample plane. In all measurements here, the whole ∼8 mm × ∼8 mm sample
is used. For out-of-plane measurements the sample is separated from the waveguide by
∼70 µm thick Polyimide tape to remove the radiative contribution to damping [17], and
the maximum applied field is ∼20 kOe. In the case of in-plane measurements, the sample
orientation relative to the applied magnetic field and excitation field is controlled by a
precision rotation stage (Newport, Irvine, CA, USA), and the sample is mounted such that
the film surface is ∼100 µm from the waveguide; the maximum field in this configuration is
∼12 kOe. In all cases here, an in-plane sample angle of zero degrees corresponds to applied
magnetic field parallel to the edge of the sample that is initially oriented along the transfer
axis of the deposition system.

Analysis of FMR data are made using software based on the bumps fitting library [18]
and its implementation of the ‘differential evolution with adaptive metropolis’ (dream)
algorithm [19,20]. This uses a genetic algorithm to efficiently explore large-dimensional
parameter spaces—it is more commonly used for fitting neutron reflectivity data [21]—to
extract optimum parameter values, and a Bayesian approach to error analysis. Parameters
are optimized by determining the maximum likelihood, which in the limit of Gaussian
uncertainties is equivalent to minimizing χ2, and any ‘known’ parameter values and
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uncertainties can be included as ‘prior’ probability distributions. Parameter uncertainties
are then evaluated from Markov-chain Monte Carlo sampling of the posterior probability
distributions. Whilst this approach is more computationally costly than simpler fitting
algorithms, it is beneficial in that we are able to obtain robust best fitting parameter values
and uncertainties even when model parameters are strongly correlated; it is well-known
that the spectrosocpic g-factor and effective magnetization are strongly (anti)correlated
within the Kittel equation for in-plane magnetization—Equation (1), for example. The
posterior probability distributions of the parameters enable clear visualization of any
correlations and confirmation that the fit has successfully estimated the most likely set of
parameter values, and appropriate uncertainties.

3. Results and Discussion
3.1. X-ray Reflectivity

We first briefly discuss structural characterization of the three films using X-ray reflec-
tivity. Figure 1 shows reflectivity scans and best fits, along with the structural scattering
length density (sSLD) model that produces the best fit. The reflectivity and fits for sam-
ples rotated during growth (lower), and held static during growth (upper), are shown in
Figure 1a, and those for the sample deposited in two steps are shown in Figure 1c. The
models describe the data well in each case, and the reflectivity measurements and sSLD
[Figure 1b,d] appear broadly similar for all samples.

For the rotated sample, the sSLD that describes the data are a uniform NiFe layer with
interface widths of around 0.8 nm, and a ∼1 nm surface oxide layer of lower density. The
static sample is similar, but the density is slightly lower and the NiFe thickness slightly
larger. The variation in thickness is compatible with the resolution of the quartz crystal
deposition rate monitor in the deposition system, but may also indicate that the static film
is slightly less dense but concomitantly thicker.

The sample deposited in two steps is best described by a model with two subtly
different NiFe sublayers plus oxide surface layer; the lower sublayer has a slightly reduced
density, similar to the static sample, and the upper sublayer has a density similar to the
rotated sample. The total thickness is similar to the rotated sample, but the lower sublayer
(90 degrees to ‘home’ axis) is ∼0.5 nm thicker than the upper (0 degrees) sublayer.

The lower density found for static deposition, and the first sublayer in two-step
deposition, can be explained as a result of a slightly more porous grain structure due to
grain shadowing during angled deposition [9]. In the two-step deposition, the 90 degree
rotation between steps may partly disrupt the shadowing effect, perhaps explaining the
slight increase in the density of the upper sub-layer.

3.2. FMR: Field-Swept Absorption

As an exemplar, Figure 2 shows angular dependent in-plane FMR measurements and
analysis for the sample held static during deposition, expected to induce a uniaxial in-plane
magnetic anisotropy. Figure 2a shows field-swept absorption measurements, made at a
frequency of 10 GHz, measured at a range of angles from 0 degrees (top) to 360 degrees
(bottom) in 10 degree steps. All data markers (red) are shown with error-bars, and all best
fits (Equation (4)) have reduced-χ2 in the range 0.9–2.2. A clear absorption peak is seen in
all scans, the position of which varies in applied field with varying sample angle.

The upper panel of Figure 2b shows an example of a single field-swept absorption
line. Data markers and error-bars are overlapped by the best fit (solid black line) and range
of feasible solutions (solid red lines) sampled across posterior probability distributions
(Markov chains); the lower panel shows normalized residuals (solid black points) and
the range of normalized residuals corresponding to feasible solutions (red). The possible
structure in the residuals, perhaps apparent close to where the absorption changes most
rapidly, is due to the small noise in the field measurement and is not here indicative of
additional absorption peaks [22]. The absorption (symmetric) and dispersion (asymmetric)
components of the fitted lineshape—Equation (4)—are also shown.
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Figure 1. (a) Measured X-ray reflectivity for single layer NiFe films where the sample is held static
during growth (upper trace, blue) and rotated about the sample normal at 10 rpm (lower trace, red).
Best fitting models of the sample structure are shown as the solid lines through the data, which are
generated from the structural scattering-length densities (sSLD) shown in (b). (c,d) show the same
for the case where the sample is deposited in two steps, with the sample static during each step, but
rotated by 90 degrees between steps. A slight variation in density is apparent across the ‘interface’
corresponding to this break in deposition.

Figure 2c shows parameter histograms of the posterior probability distributions from
the fit in (b). The distributions are smooth, showing that sufficient Monte Carlo samples
have been computed to assess the parameter uncertainties reliably, and the centre of the
distribution matches the best-fitting solution—providing further confidence in fitting re-
sults. Heatmaps of parameter-pairs are shown in Figure 2d; for uncorrelated parameter
pairs, the heatmap appears isotropic, whilst for strongly correlated parameter pairs, the
heatmap appears as a diagonal line. The parameters describing the quadratic background
are correlated, as expected, and, also as expected, the background is also somewhat corre-
lated with both the absorption peak amplitude and FWHM linewidth. Thus, it is important
to fit over a sufficiently large field range where the background is described well, in order
to have confidence also in, for example, the extracted FWHM linewidth; but also fitting
over a field range where the background remains locally quadratic. Since the parameter
uncertainties are determined from the Monte Carlo sampling rather than from a covari-
ance matrix, contributions to the reduced χ2 and normalized residual due to reasonable
noise in the background generally have no significant impact. Finally, the mixing angle
and resonance field are also somewhat correlated; the shape of the curve and position
of the minimum in the model varies with the relative magnitude of the absorption and
dispersion components.

Since the parameters in which we are typically primarily interested—the resonance
field and FWHM linewidth—are reasonably strongly correlated with other parameters, this
shows the importance of an analysis approach where the optimum values and uncertainties
in correlated parameters can be estimated with confidence.

3.3. FMR: In-Plane Angular Dependence

Having extracted the angular dependence of the resonance field at fixed frequency,
anisotropy fields and easy-axis orientations can be extracted from modelling. Figure 3
shows the angular dependence of the resonance field at frequency 10 GHz for the three
samples discussed. In these plots, the solid black lines represent best fitting solutions, red
lines represent feasible solutions sampled across Markov-chains, open points for normal-
ized residuals represent those for the best fit, and red markers represent those for sampled
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feasible solutions. Error-bars in resonance field are obtained as a quadrature sum of the
error in the fitted resonance field and the measurement uncertainty for an applied field of
that value.

Figure 2. (a) Measured transmitted power signals (black points) and respective fits (red lines) showing
the in-plane angular-dependence of the ferromagnetic resonance field at 10 GHz for ‘static’ sample
with growth-induced uniaxial in-plane magnetic anisotropy. (b) Exemplar background-subtracted
transmitted power signal and lineshape fit for signal at θ = 30 degrees, corresponding roughly to
magnetic field applied along the uniaxial hard-axis, and showing the absorption and dispersion
components. Normalized residuals are shown in the lower panel. Best fit and residuals are shown in
black, with red lines and markers showing the range of plausible solutions and associated residuals.
(c) Histograms showing the posterior probability distributions of the parameters for the fit shown
in (b). (d) Heatmaps of parameter pairs from the sampled posterior probability distributions showing
correlation between pairs of fitting parameters.

In Figure 3a, for the sample that is rotated during deposition, there is only a very weak
dependence of the resonance field on in-plane sample orientation; here, the best fitting
model (reduced-χ2 = 1.7) is a four-fold in-plane magnetic anisotropy,

Hres = H0 − H4 cos 4(θ − θ4),

where H0 is the resonance field in the absence of anisotropy (if HK = 0 in Equation (1)),
H4 the four-fold anisotropy field, and θ4 corresponds to the orientation of one of the
four-fold easy-axes. We find an anisotropy field of 1.2 ± 0.2 Oe oriented with easy axis
at 37 ± 2 degrees. Extracted results are given in Table 1. Sputtered NiFe films deposited
directly onto SiO2 are polycrystalline with no preferred in-plane orientation; the weak
four-fold anisotropy observed is not magnetocrystalline in origin, but is actually a shape-
anisotropy due to the roughly square sample—with weak easy-axes along the sample
diagonals. Quantifying these subtle anisotropies, which are not apparent in these films
from hysteresis loop measurements, for example, shows the importance of being able to
accurately and precisely extract resonance fields from FMR spectra by fitting.
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Figure 3. Angular dependence of the in-plane ferromagnetic resonance frequency for samples where
(a) the sample is rotated during deposition, (b) the sample is held static during deposition, with the
incident atom flux along an azimuthal angle corresponding to ∼120 degrees, and (c) the deposition
is two-step, with the incident atom flux along ∼30 degrees in the first step and ∼120 degrees in the
second step. Data and fits are shown with normalized residuals (below) on the right, and as polar
plots on the left. The radial scale on the polar plots matches the vertical scale of the respective plots on
the right. Solid black lines (open points in residual plots) correspond to the best fit (best fit residuals)
and the broader overlapping red lines (filled points in the residual plots) show the range of feasible
solutions (normalized residuals) sampled across posterior probability distributions.

Table 1. Values for various contributions to the effective field obtained from angular dependent
in-plane ferromagnetic resonance measurements made at frequency 10 GHz.

Sample H0 (Oe) HEB (Oe) θEB (degrees) HU (Oe) θU (degrees) H4 (Oe) θ4 (degrees)

Rotated 1204.6 ± 0.1 — — — — 1.2 ± 0.2 37 ± 2
Static 1329.5 ± 0.1 3.5 ± 0.2 166 ± 3 77.0 ± 0.2 118.7 ± 0.1 1.81 ± 0.15 70 ± 1

Two-step 1175.2 ± 0.1 — — 2.5 ± 0.1 36.3 ± 0.14 0.34 ± 0.13 66 ± 6

Figure 3b shows the angular dependence extracted from the data in Figure 2 for the
sample held static during deposition, developing an in-plane uniaxial magnetic anisotropy.
The best-fitting model (reduced-χ2 = 0.9) includes contributions not only from a strong
uniaxial anisotropy superimposed on a weak four-fold shape-anisotropy, but also a further
weak unidirectional exchange-bias anisotropy, described by

Hres = H0 − H4 cos 4(θ − θ4)− HU cos 2(θ − θU)− HEB cos (θ − θEB), (5)
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where now HU [HEB] is the uniaxial anisotropy [exchange-bias] field, and θU [θEB] is the
orientation of an [the] easy-axis of the uniaxial anisotropy [exchange-bias] [23]. We do not
observe a term with three-fold symmetry, which may be anticipated for anisotorpy induced
by stray field from the magnetron sources during static deposition.

Whilst the four-fold and unidirectional anisotropies are weak in comparison to the
uniaxial magnetic anisotropy, both are required to achieve a suitably good description of
the data, and show up clearly as trends in the normalized residuals if omitted. The weak
four-fold anisotropy is similar in strength to the rotated sample discussed previously, with
the orientation of the easy axes due to the sample shape deviating somewhat from square.
The weak unidirectional anisotropy likely results from oxidation primarily of Ni; NiO is an
antiferromagnet with high ordering temperature. XRR shows an oxide layer at the surface,
and there may also be a weaker oxidation at the SiO2/NiFe interface, due to the absence of
buffer/seed or capping layers. It is not immediately apparent why the exchange anisotropy
axis might be oriented as it is—although it is close to one of the easy-axes of the shape
anisotropy (θEB = 166 ± 3 degrees, θ4 ∼ 160 degrees), it is also close to the much stronger
hard-axis of the uniaxial anisotropy.

The orientation of the uniaxial easy-axis corresponds to the direction from which the
impinging atom flux arrives at the sample: there are six sputter sources, 60 degrees apart,
and the NiFe film was grown from a source located 60 degrees away from the transfer axis
(θ = 0). Depositing the sample with sputtered atom flux incident from an angle (60 degrees
azimuthal, 30 degrees polar) from the sample induces uniaxial magnetic anisotropy.

Figure 3c shows the angular dependence for the sample deposited in two steps; for the
first step, the incident atom flux is incident from an azimuthal direction 90 degrees from
that for the static sample in frame (b), and for the second step, the sample has been rotated
by 90 degrees in the azimuthal direction so as to be aligned with the static sample. As the
two sublayers are nominally identical, we expect that the two induced uniaxial magnetic
anisotropies in the two sublayers should cancel one another [3], and a single resonance is
observed at all fields since the two nominally identical sub-layers are strongly exchange
coupled together at the interface [24]. The best-fitting model (reduced-χ2 = 1.7) for the
angular dependence includes contributions from a uniaxial anisotropy superimposed on
a weak four-fold shape-anisotropy; as Equation (5), but without the final term in HEB.
We again do not observe a term with six-fold symmetry, induced by stray field from the
magnetron sources during two-step static deposition.

The four-fold anisotropy field is slightly weaker than in the other samples, 0.34 ± 0.13 Oe,
and again the orientation is due to the sample being cut somewhat off-square. The uniaxial
anisotropy field is also far weaker than that in the static sample, now only 2.5 ± 0.1 Oe;
orthogonal (presumably) strong uniaxial anisotropies in the two sub-layers result in a weak
overall uniaxial anisotropy due to slight mismatch in the magnetic moments of the two
sublayers [3,24], due to the magnetization and/or thickness being slightly mismatched. The
single peaks in the in-plane FMR spectra (Figure 4) indicate that the difference in density
between the two sublayers, found in XRR measurements, does not result in a resolvable
difference in magnetization; coupled layers of significantly different magnetization result in
clear multiple resonance peaks [22,25]. However, the small difference in sublayer thickness
(∼9.8 nm for the lower sublayer vs. ∼9.3 nm for the upper sublayer) means that the
magnetic moment of the lower sublayer ‘dominates’. The net uniaxial magnetic anisotropy,
with anisotorpy field 2.5 ± 0.1 Oe, is aligned orthogonal for that in the single-step static
sample due to the different initial alignment of these two samples. This demonstrates that
multi-step angled deposition can be used to tailor the direction and magnitude of uniaxial
magnetic anisotropies in thin magnetic films.

Despite the fact that correlations between parameters in these models for the angular
dependence of the anisotropy field are negligible, the Markov-chain Monte Carlo approach
remains useful here, since it provides further confidence in the fitted parameters, and
illustrates the range of feasible solutions. In Figure 3, unambiguously resolving the small
variations in resonance field in frames (a) and (c), and the subtle additional effects in frame
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(b) require robust fitting of the resonance lineshapes to extract the resonance field precisely
and accurately.

Figure 4. (a) Example ferromagnetic resonance measurement at 10 GHz for two-step sample, showing
a single resonance peak, and resulting (b) parameter histograms and (c) correlation heatmaps. Best fit
and residuals in (a) are shown in black, with red lines and markers showing the range of plausible
solutions and associated residuals.

3.4. FMR: Frequency Dependence

From Table 1, we see that the H0 value for the single-step static sample with uniaxial
anisotropy is somewhat higher than for the other samples; this suggests that the effective
magnetization or g-factor for this NiFe film is somewhat smaller than those for the other
films. The frequency dependence of the resonance field can be fitted with the appropriate
form of the Kittel equation, and Equations (1) and (3) to determine these properties.

3.4.1. Out-of-Plane Field

The effective magnetization and (out-of-plane) g-factor are best determined from
out-of-plane measurements, since in the Kittel equation for out-of-plane magnetization,
these two properties are less strongly correlated than in the in-plane case. Whilst the
g-factor may be anisotropic (more generally it is a tensor), the effective magnetization
can be most accurately determined from out-of-plane measurements. We note also that
the inhomogeneous linewidth and Gilbert damping are also best determined from the
frequency-dependent linewidth made in the in out-of-plane geometry, since the confound-
ing two-magnon scattering mechanism is inactive in this geometry [26–28]; the probability
distribution obtained for the out-of-plane g-factor from fitting the Kittel equation is used as
a Bayesian prior when calculating the Gilbert damping—however, we do not discuss the
linewidth or damping here.

Figure 5 shows example out-of-plane frequency-dependent FMR measurement for the
static sample. The signal to-noise is lower than for in-plane measurements since the larger
field required to saturate the magnetization out-of-plane results in a smaller precession cone
angle and so far lower power absorption. The data are again modelled using Equation (4),
as for the in-plane data.

The frequency dependence of the out-of-plane resonance field for the rotated sample
is shown in Figure 6a, along with the best-fit to the linear Kittel relation (Equation (3)).
Normalized residuals are shown in the right panel, since the dominant source of error is
in the fitted resonance field values. Fitted values from out-of-plane Kittel fitting are given
in Table 2. The extracted effective magnetization for the NiFe films are consistent with
other values extracted by out-of-plane FMR measurements on similar NiFe films [29]. The
out-of-plane g-factor is slightly larger, likely due to the films here being thinner; symmetry
breaking at the surfaces has a more significant impact on the g-factor here [30,31].

For the single-step sample, with strong in-plane uniaxial anisotropy, both the effective
magnetization and g-factor are somewhat smaller than for the other samples. The two-step
sample has slightly higher effective magnetization and g-factor than the rotated sample.
These are consistent with the H0 values from in-plane rotation measurements (Table 1).
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Figure 5. (a) Measured power signals (black) and respective fits (red) for out-of-plane magnetiza-
tion over a frequency range 5–20 GHz for the rotated sample. (b) Background-subtracted power
signal and lineshape fit for signal at F = 10 GHz, showing the absorption and dispersion compo-
nents. Normalized residuals are shown in the lower panel. Best fit and residuals are shown in
black, with red lines and markers showing the range of plausible solutions and associated residuals.
(c) Histograms showing the posterior probability distributions of the parameters for the fit shown
in (b), and (d) heatmaps of the sampled posterior probability distributions showing correlation
between pairs of fitting parameters.

Table 2. Ferromagnetic resonance results from fitting frequency dependence of resonance field for
out-of-plane (OOP) and in-plane (IP) field measurements. In fitting the out-of-plane Kittel model, the
parameters are less strongly coupled than in the in-plane case, so the out-of-plane value for 4πMeff is
used as a Bayesian prior in the fitting to determine the component of the in-plane g-factor.

Sample OOP 4πMeff OOP g-factor IP 4πMeff IP g-factor
(G) (G) 0 degrees 90 degrees

Rotated 9190 ± 10 2.243 ± 0.005 9180 ± 10 2.022 ± 0.002 –
Static 8010 ± 10 2.179 ± 0.005 8025 ± 6 2.014 ± 0.001 2.022 ± 0.001

Two-step 9430 ± 10 2.283 ± 0.005 9417 ± 10 2.035 ± 0.002 –

Out-of-plane FMR allows us to obtain a robust measure of the effective magnetiza-
tion. Using the Bayesian data analysis approach, we can use the posterior distribution of
plausible values for the effective magnetization extracted from out-of-plane FMR as a prior
probability distribution input into the model for the frequency dependence of the in-plane
magnetization; reducing the number of effective fitting parameters while also including in
the analysis the distribution describing the uncertainty in this parameter.

3.4.2. In-Plane Field

The frequency dependence of the in-plane resonance field is described by Equation (1).
This contains three parameters: the effective magnetization, the appropriate component of
the g-factor, and the anisotropy field. As described in the previous section, the probability
distribution of effective magnetization values has already been determined from fitting the
frequency dependence of resonance field from out-of-plane measurements. The anisotropy
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field, Hk = Hres − H0 is also known from fitting the in-plane angular dependence, both in
appropriate functional form and parameter probability distributions.

Figure 6. Kittel fits—frequency-dependence of the resonance field—for sample held static during
deposition to induce uniaxial in-plane magnetic anisotropy. In (a), the applied field is perpendicular
to the plane of the film, whereas in (b,c), the magnetic field is applied at a pair of arbitrary orthogonal
directions in the sample plane, i.e., not specifically along uniaxial easy/hard axes, for example. On
the right of each frame are normalized residuals; the line and markers are as in Figure 3.

The more common approach is to fit Equation (1) and then compare the extracted
fitting parameters—effective magnetization, g-factor and anisotropy field—with those from
other measurements; the strong correlation between g-factor and effective magnetization
in this expression produces a parameter space with minima shaped such that reliable
extraction of uncertainties from an estimate of the covariance matrix can be inaccurate.
Instead, here we insert the appropriate expression for the angular dependence of HK into
Equation (1), and provide distributions of values for all parameters other than the g-factor
component as Bayesian priors. Thus, we essentially extract only a single parameter, the
in-plane g-factor component along a specific direction (here 0 degrees, for convenience), but
properly including the distributions of values for all of the other parameters determined
previously. (In fact, the effective magnetization is also allowed to vary from the value
extracted from out-of-plane measurements, but the fitted value is seeded by the Bayesian
prior, and the prior and posterior probability distributions should remain consistent).
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Table 2 shows the results of such fitting for our three samples. For the rotated and
two-step samples (not shown), we assess the g-factor only along one axis, anticipating
anisotropy in the in-plane g-factor to be negligible. That the in-plane g-factor (components)
values do not generally match the out-of-plane values demonstrates that the common
assumption of an isotropic g-factor is an oversimplification.

For the static sample, with strong in-plane uniaxial magnetic anisotropy, we have also
simultaneously fitted datasets along two orthogonal directions, with all parameters other
than the g-factor shared—i.e., effective magnetization and the various terms comprising HK.
The best simultaneous fits, shown in Figure 6b,c, give a reduced χ2 of 2.03. In all samples,
we see that the effective magnetization remains consistent with that from the out-of-plane
measurements. For the static sample, the in-plane g-factor is weakly anisotropic. We note
that, in this example, we have arbitrarily chosen orthogonal directions parallel the the
substrate sides rather than the anisotropy axes of the sample; with more measurements, the
anisotropy in in-plane g-factor can be mapped out. However, the aim here is to demonstrate
the sensitivity of the fitting approach in determining anisotropy in the g-factor.

The fact that it is possible to model both angular variation in the Kittel behaviour
and the angular behaviour of the resonance field with a single set of common parameters
provides further confidence that all significant contributions to the in-plane anisotropy
have been adequately accounted for in the modelling.

The origin of the reduced magnetization in the static sample is unclear. It may be that
a more porous grain structure formed by grain shadowing during angled deposition results
in easier transit of atmospheric oxygen along, and incorporation into, grain-boundaries.
This may also explain the weak exchange-bias observed in the angular dependence mea-
surements. However, we might also expect a similar effect in the two-step sample; whist
the columnar grain structure is disrupted at the point where the sample is rotated, such
oxygen migrations should still be possible. However, the two-step sample has a higher
effective magnetization that the rotated sample, so this seems unlikely. Alternatively, the
angled deposition may cause an increase in interfacial (or volume) perpendicular magnetic
anisotropy, acting to reduce the effective magnetization (Equation (2)); again, it is unclear
why the two-stage deposition should result in the opposite effect, since both sublayers are
also deposited in a similar manner. Further investigation is required to understand this,
but the evidence from FMR measurements is clear, and supports with what can also be
observed from X-ray reflectivity.

4. Conclusions

We have used the uniaxial magnetic anisotropy that can be induced during growth due
to incident atom flux at a fixed angle to the sample normal as an example to demonstrate
analysis of ferromagnetic resonance spectroscopy data using a Bayesian approach based
on the bumps fitting and analysis library. Using this approach to model the field-swept
absorption lineshape provides robust estimates of the resonance field and linewidth, despite
correlations with other parameters in the model. Fitting the angular dependence of the
accurately and precisely extracted resonance field allows determination of the relevant
anisotropy terms that should be included in describing the sample, even in cases where
the anisotropy is weak. The frequency-dependence of resonance field in the out-of-plane
geometry requires larger applied magnetic field, but provides unambiguous determination
of the effective magnetization and out-of-plane component of the spectroscopic g-factor.
Values of effective magnetization and contributions to the angular-dependent in-plane
effective field are then used as Bayesian priors when modelling the frequency-dependence
of the in-plane resonance field with field applied at arbitrary angles in the sample plane.
This enables the anisotropy in the in-plane g-factor to be extracted; this is important
in understanding phenomena related to structural symmetry breaking and spin–orbit
coupling in magnetic thin-film multilayers and devices. We have also shown that we are
able to control the direction, and magnitude, of the induced uniaxial magnetic anisotropy
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by controlling the multi-stage growth of thin-films by angled deposition, which can be
broadly useful in magnetic thin film device applications.
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