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ABSTRACT

The origins of sub-Ferromagnetic Resonance (FMR) multimodal behavior in the magnetic susceptibility spectrum of amorphous CoZrTaB
magnetic thin films are investigated using Brown’s diffusion model describing continuous diffusion of magnetic spins. Brown’s diffusion
model is regressed onto experimental data for the amorphous CoZrTaB magnetic thin films with thicknesses spanning 80-530 nm. The
mathematical model presented successfully reproduces the thickness dependent dynamic magnetic susceptibility of the amorphous
CoZrTaB magnetic thin films with strong statistical significance. The model proposes the formation of additional energy wells in the
uniaxial anisotropy energy plane of the material after a critical film thickness. The sub-FMR resonance peaks arise when the frequency of
the external excitation field approaches the natural frequency of the well. Furthermore, the additional energy wells in the anisotropy energy
plane cause a breakdown in the axial symmetry of the anisotropy energy plane. This breakdown of axial symmetry results in dynamic
coupling between the transverse (),) and longitudinal (x;) magnetic susceptibility. This dynamic coupling results in the initial low
frequency step-down in the magnetic susceptibility observed in the thicker CoZrTaB magnetic thin films. It is found that the application of
an external bias magnetic field along the easy axis of the amorphous CoZrTaB magnetic thin films suppresses the sub-FMR resonance peaks
by restoring the axial symmetry of the anisotropy energy plane.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0013962

I. INTRODUCTION

The dynamic magnetic susceptibility spectrum of CoZrTaB
magnetic thin films has been extensively studied for more than a
decade as it plays a critical role in the materials’ performance in
applications ranging from magnetic recordings and data storage,’
to the magnetic passive component used in high frequency DC-
DC converters.” It has been well reported in the literature that soft
thin film magnetics used as the magnetic passive in DC-DC con-
verters greatly increases the energy density of the converter while
maintaining high efficiencies at very high frequencies.” The fre-
quency loss characteristic of the magnetic material used in DC-DC
converters is especially important as the miniaturization trend for
power electronics is driven by the increased operating frequency of
the DC-DC converter. The increased operating frequency of the
converter enables a reduction in the physical size of the magnetic

passive component. Thus, the ability of soft magnetic CoZrTaB thin
films to retain in-plane uniaxial anisotropy is important in order to
ensure a low loss tangent (y”/y') at frequencies spanning 1-
300 MHz. The frequency dependent loss tangent is fundamentally
determined by the internal anisotropy energy plane” as it governs
the magnetization dynamics of the material.” Ultra-low loss perfor-
mance in the 1-300 MHz frequency range is achieved by having a
material whose dynamic magnetic susceptibility is governed by
transverse magnetic susceptibility (), with a single Ferromagnetic
Resonance (FMR) peak in the GHz frequency range. This is typically
achieved by materials with a strong in-plane uniaxial anisotropy
energy plane. For such materials, the internal anisotropy energy
plane is determined by one state variable, namely, the colatitude (9"
state variable.” Materials with a strong in-plane uniaxial anisotropy
have a low loss tangent as the imaginary component of the
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transverse magnetic susceptibility (y) is exceedingly small up until
the onset of ferromagnetic resonance.

However, above a critical film thickness shape effects can
break the axial symmetry of the internal anisotropy energy plane of
the material. This results in the internal anisotropy energy plane
being governed by two state variables, namely, the colatitude (9)
and azimuthal () state variables.” As a consequence of the thick-
ness dependent axial symmetry of the anisotropy energy plane,
there is a deterioration in the soft magnetic properties’ and a
growing proportion of magnetic spins whose preferred orientation
is out of plane®™'’ with increasing film thickness. Moreover, the
dependence of the internal anisotropy energy plane on two state
variables results in dynamic coupling between the transverse mag-
netic susceptibility (x,) and the longitudinal magnetic susceptibil-
ity (x;)."" This dynamic coupling is further detrimental to the high
frequency performance of the magnetic material as there is a rise in
the low frequency imaginary component of the magnetic suscepti-
bility caused by the presence of y|. The coupling of the transverse
and longitudinal magnetic susceptibilities limits the effective useful
thickness of the CoZrTaB film. The onset of this coupling effect
was observed between 220 and 333 nm for our 3 x 3 mm® samples.

Furthermore, multiple energy wells, each with a local minima,
in the anisotropy energy plane could be used to explain the exis-
tence of the multiple sub FMR resonance peaks observed in the
magnetic susceptibility spectrum reported in amorphous CoZrTaB
(this work), CoNbZr,'” and CoFeSiB,'” magnetic thin films. The
resonance frequencies are determined by the gradient of the anisot-
ropy energy well and the amplitude of the resonance peaks deter-
mined by the depth of the anisotropy energy well. Hence, shallower
energy well spins have smaller resonance peaks, which occur at
lower frequencies. The application of an external magnetic field
applied to the thin film can alter the gradient of the internal anisot-
ropy energy by raising and/or lowering the barrier heights separating
the energy wells."* Thus, the multiple sub-FMR resonance peaks can
be suppressed through the application of an external biasing field. In
this work, Brown’s continuous diffusion model'” is used to charac-
terize the multimodal behavior in the magnetic susceptibility spec-
trum of the amorphous CoZrTaB magnetic thin films.

The structure of the paper is as follows: Sec. I provides an over-
view of multimodal behavior observed in amorphous magnetic thin
films; Sec. IT outlines the fabrication methods and experimental char-
acterizations of the amorphous CoZrTaB magnetic thin films; Sec. 111
describes Brown’s continuous diffusion model'” used to characterize
the magnetic susceptibility spectrum of the amorphous CoZrTaB
magnetic thin films; Results and discussions are provided in Sec. IV;
and finally conclusions of the paper are presented in Sec. V.

Il. EXPERIMENTAL METHODS AND MEASUREMENTS

Amorphous CogsZr,Ta,;Bg magnetic thin films spanning
thicknesses 80-530 nm were magnetron sputter deposited at 500 W
DC in the presence of an aligning magnetic field."® The sputtering
chamber was evacuated until a pressure of 10~° Pa was measure,
after which Argon gas was pumped into the chamber until a
sputter pressure of 0.13 Pa was achieved. The film thicknesses were
measured using a DekTak surface profilometer. The atomic compo-
sition and the amorphous structure of the films were confirmed
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using x-ray diffraction (Phillips Xpert diffractometer) and transmis-
sion electron microscopy. The dynamic magnetic susceptibility of
the films was measured from 1 MHz to 9 GHz using a small signal
wideband complex permeameter (Ryowa Electronics, Japan, Model
PMM 9G) on the 3 x 3 mm?* samples. Note that the dimensions of
the samples were constant for all thickness, i.e., all samples were
3x3mm? The results of the atomic composition and material
morphology are discussed in Ref. 16.

lll. N MINIMA ANISOTROPY MODEL

The dynamic magnetic susceptibility of amorphous magnetic
materials subject to a weak AC driving field can be determined
using linear response theory,'”

M= yH. 1)

Here, M is the magnetization vector of the thin film; H is the mag-
netic field acting on the thin film; and y is the dynamic magnetic
susceptibility of the thin film. The dynamic magnetic susceptibility
of the thin film subject to an external driving field can be expressed
as a weighted sum of longitudinal and transverse magnetic suscep-
tibilities. This weighted combination is expressed in Eq. (2),

2(@) = 2 0)x (@) + 2, (0)r, (@) 2

Here, x;(0) and y,(0) are the static longitudinal and transverse
magnetic response. The y,(0) and y, (0) coefficients are determined
by the internal anisotropy energy plane of the thin film. The longi-
tudinal component of the magnetic susceptibility can be modeled
using the two mode approximation'® [see Eq. (3)],

1+ iwt,,

A
2)(@) =Z|\(0)(1 +1ian'+

Here, A; and 7, are parameters determined to ensure correct
behavior of y;(w) at the very low frequency and very high fre-
quency extremes. The transverse magnetic susceptibility response

for strong in-plane uniaxial anisotropy can be determined from the
Landau-Lifshitz equation'” [see Eq. (4)],

1+ )3, + iawo
1+ az)a)i,r -

X1 (@) =x,(0) (4)

0 + 2000,

Here, @, is the natural precession frequency of the magnetic
moments of the thin and « is a viscous damping parameter acting
on the magnetic moments. This frequency is determined by the
internal gradient of the anisotropy energy plane. Note any vector
field can be expressed as the gradient of a scalar potential. Hence,
the precession frequency is governed by the anisotropy field (H,,)
and gradient of the anisotropy energy plane of the thin film (Vy V).
This relationship between the precession frequency, the anisotropy
field, and the anisotropy energy plane is explicitly stated in Egs. (5)
and (6). Thus, the shape of the anisotropy energy plane is of critical
importance to the precession frequency. Typically, materials with
strong in-plane uniaxial anisotropy are characterized by two distinct
energy wells separated by a barrier. Thus, each well has its own
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precession frequency determined by the shape of the well, Note that Eq. (6) relates the in-plane uniaxial anisotropy field
(Hkp) to the anisotropy field. Ferromagnetic resonance occurs

Dpr = 7Han

= —yVuV, (5) when the frequency of the driving field approaches the precession
frequency of the well. For a symmetric two well structure, the pre-

cession frequencies of both wells are identical and so only a single

H,, = VHyp(Hkp +47M,) - (6) q Y g

FMR peak is observed at @ — @,,. The amplitude and quality
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FIG. 1. Magnetic susceptibility data for amorphous CoZrTaB magnetic thin films spanning thickness 80-530 nm. (Left) Real and imaginary magnetic susceptibility. (Right)
Absolute magnetic susceptibility. Dashed lines are the fitted model.
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factor of the FMR peak is determined by the shape and depth of
the well, along with the viscous damping acting on precession of
the magnetic moments. Here, the quality factor of the FMR peak
refers to the ratio of peak’s amplitude to width. Reduction in the
barrier height separating the two energy wells causes a dispersion
of the precession frequency and results in reduced quality of the
FMR peak. That is, the FMR peak becomes smaller and wider.
Equation (4) accurately predicts a single FMR peak for materi-
als with in-plane uniaxial anisotropy as both energy wells are identi-
cal and there is only a single precession frequency. Therefore, Eq. (4)
must be modified to account for the multiple sub-FMR peaks
observed in the thicker magnetic films. The Ansatz or assumption of
this work is that each sub-FMR peak observed in the magnetic films
has a corresponding energy well with a distinct precession frequency.
Therefore, each distinct energy well will exhibit resonance behavior
as the excitation frequency of the applied external magnetic field

approaches the precession frequency of the energy well. This is
shown in Eq. (7),

N 1+ aMa?, , + ioww pk
) = 0 P g .
2@ = 7. )k;lck(l + a3}, — 07 + 2000 p

(7)
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Here, 0, and ¢, denote the precession frequency and depth of the
kth energy well. In the case of uniaxial anisotropy, Eq. (7) reduces to
Eq. (4) with ¢; =1 and the remaining ¢, =0.

IV. RESULTS AND DISCUSSION

Nonlinear model fitting is used to regress Egs. (2), (3),
and (7) onto the frequency dependent magnetic susceptibility of the
80-530 nm films. The results of the regression are presented in Fig. 1.
The N Minima model accurately fits to the thickness dependent mul-
timodal behavior of the dynamic magnetic susceptibility of the films
with an R-squared value of 0.99, as illustrated in Fig. 1. The
R-squared value of 0.99 indicates that the model fits the data with a
strong statistical significance. Hence, the Ansatz that the anisotropy
energy plane of the thicker films is best described as in-plane uniaxial
degraded by superfluous energy wells is justified. Thus, the shape of
the internal anisotropy energy plane can be inferred by regressing the
model onto the dynamic magnetic susceptibility of the thin films.

More importantly, the frequency position of the multiple
FMR peaks did not change with increasing film thickness, rather
the amplitude of the peaks was increased. The frequency position
of the FMR peak is ultimately determined by the gradient of the
energy well. Therefore, the depths of the energy wells [represented
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FIG. 2. The ratio of the sum of the ¢, coefficients (for k>1) to uniaxial anisot-
ropy coefficient (c4) determined by regressing Eq. (7) onto the experimental
magnetic susceptibility of the amorphous CoZrTaB magnetic thin fims (see
Fig. 1).

by the ¢ coefficients in Eq. (7)] increased without changing the
gradient of the well. An observed shift in the frequency position of
the resonance peak would indicate a change in the shape of the
energy well. The observed reduction in the amplitude and quality
factor of the primary FMR peak is caused by a decrease in the
barrier height of the primary well. This reduction in the primary
FMR peak is known as inhomogeneous broadening™>*' and is
observed in the dynamic magnetic susceptibility of the amorphous
CoZrTaB magnetic thin films (see Fig. 1). This is consistent with the
depth of the well determining the quality of the resonance peaks
through inhomogeneous broadening as the resonance peak will still
be centered on the primary precession frequency of the well, even in
the event of dispersion of the precession frequency through inhomo-
geneous broadening. Hence, the amplitude and frequency position
of the peaks could be used to draw inference on the underlying
physical phenomena causing the existence of the energy wells.

The reduction in the quality factor (ratio of amplitude to width)
of the primary resonance peak in the thicker films (see Fig. 1) is a
consequence of the reduction in the barrier height of the uniaxial
anisotropy energy well due to the emergence of the mixed anisotropy.
For a small to moderate barrier height (1 <o <5), there is essentially
a dispersion of the precession frequencies of the magnetization
within the anisotropy well. This effect presents itself as inhomoge-
neous broadening of the primary FMR peak as the effect considerably
exceeds the actual damping parameter (o) of the material.”*'

Figure 2 shows the ratio of ¢, coefficients in Eq. (7) to uniaxial
anisotropy plotted for the various films presented in Fig. 1. It is evident
that as the amorphous CoZrTaB films become thicker, the anisotropy
energy plane is more heavily influenced by additional energy wells

ARTICLE scitation.org/journalljap
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FIG. 3. Amplitude of the longitudinal magnetic susceptibility in thin films vs film
thickness. (Note that the 333 nm thick CoZrTaB magnetic thin film is omitted
from this plot as the low frequency noise on the magnetic susceptibility mea-
surement resulted in a lower . The effect of the noise is also seen as an error
in the modeled the low frequency imaginary component of the magnetic sus-
ceptibility of the film.)

within the anisotropy field. This is shown as there is a near linear rela-
tionship between increasing film thickness and the amplitude of the ¢,
coefficients representing the depths of the energy wells. From this
graph, we can conclude that there is a reduction in the barrier height
of the in-plane anisotropy caused by the formation of superfluous
energy wells with increasing film thickness. The reduction in the
amplitude of the anisotropy field is later verified in Fig. 4. Importantly,
the additional energy wells in the anisotropy energy plane result in a
breakdown of the axial symmetry of the anisotropy energy plane. This
results in dynamic coupling between the longitudinal and transverse
magnetic susceptibilities of the thicker films. Hence, there will be an
observed increase in ; with increasing film thickness.

The amplitude of y; vs film thickness is shown in Fig. 3. The
increase in the longitudinal magnetic susceptibility is responsible for
the initial low frequency drop-off in the magnetic susceptibility of
the films. This drop-off occurs between 10 and 100 MHz (see Fig. 1).
The low frequency drop in magnetic susceptibility is incredibly
detrimental to the performance of the magnetic thin film used in
DC-DC power converters. The initial drop is caused by a growth in
the imaginary component of the longitudinal magnetic susceptibility
and results in a higher loss tangent at lower frequencies.

The breakdown in the uniaxial anisotropy results in greater
degrees of freedom in the magnetization dynamics as the evolution
equation for the magnetic thin film is no longer governed by a
single state variable. Instead, it is governed by two state variables.
The magnetization dynamics of a thin film with two state variables
is governed by the Fokker-Planck equation'>** [Eq. (8)],

ow _ L0 [(ng2Voe , Vi D [(1 Ve OV,
ar _kAW+sin9{819Ksm9 59 " ave )| Tog|\sno a0 a0 )V ®
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FIG. 4. In-plane anisotropy of 230 nm and 530 nm amorphous CoZrTaB magnetic thin films (polar plot inset).

Here, ' is Brown’s parameter, which relates the damping and gyro-
magnetic moment to the magnetization saturation; Vy, ,, is the sum
of all the internal anisotropies; and W is the probability distribution
function that a magnetic moments orientation lies within an infini-
tesimally small segment of the unit sphere. Note that k is deter-
mined by requiring the steady state distribution of Eq. (8) to be
Boltzmann,

ay

/ p—
P = v o ©)
/
o KeTh (10)
v

For uniaxial anisotropy, the energy term is governed by

Eq. (11),
Vy = Ksin?9. (11)
Hence, for uniaxial anisotropy, the % term in Eq. (8) drops

out. Therefore, for uniaxial anisotropy, there is no dynamic cou-
pling between the transverse and longitudinal components of the

magnetization dynamics. However, for more complex anisotropies
with an azimuthal dependence, there will be dynamic coupling
between the transverse and longitudinal components of the magne-
tization dynamics—resulting in higher material loss.

The magnetization energy band of the 230 nm and 530 nm
films is presented in Fig. 4. There is a notable reduction in the
amplitude of the anisotropy field within the thicker film. This is
consistent with the observed inhomogeneous broadening of the
primary FMR peak (shown in Fig. 1) caused by the reduction in
the barrier height of the in-plane anisotropy energy well (shown in
Fig. 2). Furthermore, Fig. 4 shows clear deviations from in-plane
uniaxial anisotropy in the 530 nm film caused by additional energy
wells with local energy minima. The existence of the additional
energy wells in the anisotropy energy plane causes the multimodal
behavior of the dynamic magnetic susceptibility observed in the
thicker films. Furthermore, the presence of the additional energy
wells also explains the dynamic coupling between the longitudinal
and transverse magnetic susceptibility observed in the thicker films.
For clarity, the positions of the additional energy minima observed
in the 530 nm thick film are presented in Table 1.

The internal anisotropy of the material can be biased through

>

the application of a DC external field.”~>” When applied at an

TABLE I. Angular positions of energy minima for 530 nm amorphous CoZrTaB magnetic thin film shown in Fig. 4.

Well 1

Well 2

Well 3 Well 4

Angular position of well (6) 10°

25°<0<35°

160° <6 <165° 310°<0<330°
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FIG. 5. Magnetic susceptibility of 530 nm amorphous CoZrTaB magnetic thin
film subjected to DC bias field applied along the easy axis.

oblique angle to the easy axis, the bias field breaks the axial symme-
try of the anisotropy energy plane. However, applying a DC bias
field along the easy axis of the thin film can alter the internal
anisotropy energy plane while maintaining axial symmetry. This is
important as non-axial symmetry of the anisotropy energy plane
causes dynamic coupling between the longitudinal and transverse
dynamic magnetic susceptibility. The effect of the DC bias field
along the easy axis is shown in Fig. 5. Note in Fig. 5 that the ampli-
tudes of the multiple resonance peaks are diminished with increas-
ing amplitude of the DC bias field. From the regressed model, this
suggests that the applied DC bias field smoothens out the addi-
tional energy minima in the internal anisotropy energy plane.
Furthermore, the shift in the FMR peak toward higher frequencies
is again accounted for by the increased gradient of the internal
anisotropy energy plane caused by the biasing field.

Hence, a DC bias field may be used to counter the effect of
the thickness dependent multimodal behavior in the magnetic sus-
ceptibility spectrum of amorphous CoZrTaB magnetic thin films
via the restoration of uniaxial anisotropy within the film. This is
important for DC-DC power converters that utilize amorphous
CoZrTaB magnetic thin films (or other materials that exhibit the
multimodal behavior) as the DC bias field can be used to tune the
loss within the amorphous thin film and allow for thicker layers of
amorphous thin films to be used in the converters.

Moreover, the use of micro-patterning can alter the internal
anisotropy energy plane through shape demagnetization. Therefore,
micro-patterning of the amorphous CoZrTaB magnetic thin films
can be used to suppress the multimodal behavior of the dynamic
magnetic susceptibility. Indeed, such micro-patterning was success-
fully used by Yamaguchi et al’® to improve the high frequency
performance of amorphous CoNbZr magnetic thin films (CoNbZr
also exhibits multimodal behavior). It is clear from the inductance
plot™® that micro-patterning of the thin film along the easy axis
stymies the formation of sub-FMR resonance peaks by altering the
shape anisotropy.
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V. CONCLUSIONS

We have treated the problem of multimodal behavior in the
magnetic susceptibility spectrum of amorphous CoZrTaB magnetic
thin films spanning 80-530 nm thickness using Brown’s continu-
ous diffusion model of magnetic spins. The model was regressed
onto the experimental data and achieved R-squared values above
0.99. The model reproduced the dynamic magnetic susceptibility of
the amorphous CoZrTaB magnetic thin films with strong statistical
significance. The observed sub-FMR multimodal behavior in the
dynamic magnetic susceptibility is attributed to the formation of
additional energy wells in the uniaxial anisotropy energy plane of
the thin films. We have shown how the breakdown in the uniaxial
anisotropy of the thin films results in dynamic coupling between
the transverse (),) and longitudinal ();) magnetic susceptibility.
The main tractability of this model is that inference can be made to
the shape of the internal anisotropy energy plane by regressing the
model onto the measured dynamic magnetic susceptibility of the
material. From this inference, structural properties of the material
can be indirectly determined.

Furthermore, the reduction in the main barrier height of the
uniaxial anisotropy causes a dispersion of the primary precession
frequency resulting in the inhomogeneous broadening of the
primary FMR peak. We have also shown how the application of an
external bias field can be used to diminish the energy minima of
the anisotropy field suppressing the multimodal behavior of the
magnetic susceptibility.
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