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Abstract

We study the influence of defects in Co/Pt multilayers on the room-temperature magnetization
reversal and relaxation mechanisms via angle-dependent magnetic viscosity and coercive field
measurements. The data reveal a transition from pinning-dominated domain wall propagation to
a sequence of pinning-dominated and uniform switching, with increasing tilt away from the
normal direction. The leading role of the dendritic domain wall propagation in the nanogranular

exchange-coupled films is corroborated by the scaling of relaxation times, the angular

dependence of the coercive field, and Kerr microscopy.

Keywords: magnetization relaxation, perpendicular magnetic anisotropy, magnetometry

1. Introduction

Relaxation is a thermally activated Arrhenius-type phe-
nomenon of domain growth (or creep) in the presence of activ-
ation barriers that has been observed in disparate materials
over a wide range of timescales. The temporal evolution is
governed by the activation energy distribution, which is dif-
ficult (or impossible) to quantify experimentally. Structural,
thermodynamic, mechanical, and magnetic relaxation meas-
urements show a surprising uniformity following exp[— (£) ﬁ]
with the characteristic relaxation time 7 and the expo-
nent 5 governed by the activation barrier distribution via
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the Arrhenius—Néel law [1] and the relaxation mechanism,
respectively. In simple cases, the energy distribution function
can be inferred from the relaxation behavior. For example,
systems with a single activation barrier and relaxation time,
as occurring for rare and independent relaxation events, obey
the Debye relaxation with 5= 1. More complex relaxation
processes as a result of a statistical distribution of relaxa-
tion times and many successive correlated activation steps, as
persisting in, e.g. supercooled liquids, spin glasses, amorph-
ous solids, molecular systems, glassy soft matter, viscoelastic
materials, and granular magnetic films [2-8], can be described
by stretched (0 < 5 < 1) [9-15] and compressed (1 < 5 < 3)
[16, 17] exponential functions. Transitions between phases
with distinct coordination and short-range order may lead to a
crossover from stretched to compressed exponential relaxation
[18, 19]. It has proven difficult to rationalize stretched expo-
nential relaxation from the first principles [20] using only a
time-independent distribution of activation barriers [12]. In
addition, the intermediate range of a stretched exponential

© 2023 The Author(s). Published by IOP Publishing Ltd
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relaxation is logarithmic [21-24] making a classification
without knowledge about initial and final relaxation challen-
ging. This contributed to the lack of consensus about its phys-
ical origin [12, 13] and inconsistency in literature. Recent pro-
posals pertaining to stretched exponential stress relaxation are
based on activation barriers that increase with time [14] due
to local relaxation events and their interaction, giving rise to
slow stretched-exponential and fast compressed-exponential
relaxation [15], or disorder inducing a distribution of local
activation barriers [11].

Inhomogeneities have an even stronger influence on the
magnetization relaxation. Structural and chemical disorder,
magnetic defects, and geometric constraints result in spatial
variations in magnetic exchange, anisotropy, and demagnetiz-
ation fields and cause, by extension, a statistical distribution
of activation barriers that profoundly impacts both relaxation
mechanism and timescale [25, 26] as a function of temperat-
ure and, as we report here, field orientation. For instance, sys-
tems consisting of weakly interacting particles reveal a logar-
ithmic (stretched exponential) dependence [21-23] while the
magnetization relaxation in homogeneous exchange-coupled
materials follows a simple exponential relation [2, 16, 17,
27]. The spontaneous relaxation of the magnetization in
materials favoring multi-domain states or of the polariza-
tion in relaxor ferroelectrics exhibit a time dependence best
described by a power law [28-30]. Another relevant quant-
ity is the exponent ~ of the Arrhenius—Néel law [1] for
the relaxation time 7 = 7y exp[(%ﬁ)”] that indicates the lead-
ing mechanisms: weak domain wall pinning (v~ 1) [23, 26,
31], uniform switching of single domain particles (y~2)
[23], or Ising films in the creep regime (y~0.25) [32].
The accessibility to the underlying relaxation mechanisms
makes magnetic viscosity measurements appealing not only
for quantifying the thermal stability of magnetic media, but
also for fundamental studies of topological states and phase
transitions.

Here, we demonstrate the potential of angle-dependent
magnetic viscosity measurements for identifying different
magnetization relaxation processes in nanogranular exchange-
coupled Co/Pt multilayer stacks with different perpendicu-
lar magnetic anisotropy and defect density. The magnitude
of the magnetic anisotropy originating from Co-Pt orbital
bonding [33] strongly depends on the interface quality which
is cleanest for (111) textured films [34, 35]. Varying pres-
sure and deposition power during sputter deposition yields
different adatom energies and texturing of the multilayer
stack [36]. High adatom energies deteriorate the magnetic
anisotropy [37] due to increased interface roughness and
intermixing.

2. Structural properties

The [Co(#)/Pt(0.6 nm)]s multilayers (r =0.3,0.4 nm) were
grown at room temperature by means of magnetron sputter-
ing (2.86 x 10~% mbar with base pressure 7.7 x 10~% mbar)
on 128° Y-cut lithium niobate substrates (typically used for
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Figure 1. Structural properties of [Co(0.3 nm)/Pt(0.6 nm)]s and
[Co(0.4 nm)/Pt(0.6 nm)]s films grown on LiNbO3/Cr(2 nm)/

Pt(2 nm). (a) Topography measured with atomic force microscopy
revealing nanogranular structure. Scale bar is 200 nm. (b) Two-theta
x-ray diffraction scans confirming polycrystallinity. The smaller
[Co(0.4 nm)/Pt(0.6 nm)]s film leads to lower counts per second.
Inset shows enlarged region of Co/Pt(111) peak with weak
superlattice satellite peaks.

surface acoustic wave transduction) using a Cr(2 nm)/Pt(2 nm)
seed layer and a Pt(1 nm) capping layer. Co and Pt were
deposited with DC guns (40 W); Cr was grown using an
RF gun (75 W). The thickness of individual cobalt layers
together with the Co—Pt orbital hybridization [33] guaran-
tees a sizable perpendicular magnetic anisotropy (see below).
The topography of the resulting films was mapped using
a Bruker Dimension Icon SPM with Bruker ScanAsyst
air tips in tapping mode. Both films possess a nanogran-
ular texture with a root mean square of 0.12 nm for
[Co(0.3 nm)/Pt(0.6 nm)]s averaged over an area of 1 umz
and 0.15 nm for [Co(0.4 nm)/Pt(0.6 nm)]s; measured over
an area of 0.5 umz (figure 1(a)). The short-range order,
size, and shape of individual grains are similar for both
samples. The crystalline structure was measured on a Rigaku
SmartLab diffractometer equipped with a Cu-K, radiation
source and noise-filtered using a Savitzky—Golay filter with
0.255° window and second-order polynomial (figure 1(b)).
The peak positions are identified using the Bragg condi-
tion § = 2arcsin[A/(2dy)] with A=0.154 nm (Cu-K,) and
din = 0.3925/+/h2 + k2 + I2 nm for cubic platinum and dy,; =
1/4/4/(3 x 0.51482)(h2 + k + hk) + [2/1.38632 nm for tri-
gonal lithium niobate [38]. The superlattice satellite peaks,
recorded on a Bruker D8 Discover diffractometer, are
substantially weaker than those reported for multilayer
stacks with pure Co/Pt(111) texturing [36] due to inter-
face roughness and intermixing. This effect is enhanced in
[Co(0.4 nm)/Pt(0.6 nm)]s due to longer deposition and lar-
ger adatom energy and coincides with an overall lower (111)
peak intensity. However, the coexistence of Co/Pt(111) and
Co/Pt(110) texturing does neither prevent the emergence of
a perpendicular magnetic anisotropy nor exchange-coupling
between grains.
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Figure 2. Temperature dependence of magnetic properties of
[Co(0.3 nm)/Pt(0.6 nm)]s and [Co(0.4 nm)/Pt(0.6 nm)]s multilayer
stacks. (a) Out-of-plane hysteresis loops recorded with vibrating
sample magnetometry, (b) collapsed hysteresis loops plotted in (a),
and (c) corresponding coercive field and saturation magnetization.
(d) Out-of-plane magnetization visualized at room temperature with
Kerr microscopy in the presence of a normal bias field highlighting
reversal dominated by domain nucleation at defects and domain
wall propagation. Scale bar is 50 pm.

3. Temperature dependence of magnetization
reversal

The temperature-dependent hysteresis loops of both mul-
tilayers, measured with vibrating sample magnetometry
with a Quantum Design Physical Properties Measurement
System (DynaCool), show evidence of a strong perpendic-
ular magnetic anisotropy, albeit, with slightly slanted flanks
(figure 2(a)). Each set collapses into the same normalized hys-
teresis loop when expressed in units of saturation magnetiza-
tion M, and coercive field H, (figure 2(b)). The slight discrep-
ancy (apparent slope near coercive field) is due to the used
field step size of 0.8 kAm™!. Assuming a uniform rotation
of the magnetization (Stoner—Wohlfarth), the perpendicular
magnetic anisotropy K, is calculated via K, = — g f” MdAH +

wo [ | MdH of hysteresis loops taken with H applied in-plane

and out-of-plane, respectively. Using all four quadrants impli-
citly makes, to a great extent, the M(H) data hysteresis-free.
In this notation, a positive K, refers to a perpendicular easy-
axis anisotropy. The corresponding room-temperature values
for [Co(0.3 nm)/Pt(0.6 nm)]s and [Co(0.4 nm)/Pt(0.6 nm)]s
are K,=0.177 MIm™—3 (K, =0.198 MIm™®) and K, =
0.168 MIm~3 (K, = 0.185 MIm—3), respectively, in accord-
ance with literature [36]. Values in parenthesis are retrieved
using the in-plane saturation field H; ~ 1 T/, i.e. % WH M.

Although the used film thickness and repetition favor uni-
form, single-domain switching and rectangular shape of the
hysteresis, structural defects existing in the film serve as pin-
ning and nucleation sites, which result in a slightly slanted
hysteresis (figures 2(a) and (b)), differences between the cal-
culated magnetic anisotropy values, and multi-domain states
(figure 2(d)). The latter emerges in the presence of a magnetic
bias field due to a domain wall propagation-dominated mag-
netization reversal (figure 2(d)) mediated by an isotropic dend-
ritic domain expansion [29, 39, 40]. Kerr microscopy [41] fur-
ther allows for identifying magnetic nucleation sites from the
appearance of regions with inverted contrast (switched mag-
netization) at small magnetic bias fields. This direct infer-
ence is necessary since not all structural defects observable
in, e.g. atomic force microscopy (figure 1(a)) or electron
microscopy act as pinning or nucleation sites for the mag-
netization. Instead, the nanogranularity might result in spa-
tial variations in magnetic anisotropy and exchange stiffness
leading to a distribution of activation barriers. The number
of nucleation sites, at a normal bias field 12.4 kA/m, cal-
culated for an area of 44360 um” is 3 and 60 and equi-
valent to a structural defect density of 6.8 x 1073 um—2
and 136 x 1073 yum~=2 for [Co(0.3 nm)/Pt(0.6 nm)]s and
[Co(0.4 nm)/Pt(0.6 nm)]s, respectively. The increased defect
density in [Co(0.4 nm)/Pt(0.6 nm)]s coincides with the over-
all lesser crystallographic quality (figure 1) and causes earlier
initial switching at nucleation sites and delayed saturation at
pinning sites. The former are characterized by reduced mag-
netic exchange and anisotropy yielding a lower activation bar-
rier for magnetization reversal and tilted magnetization in the
presence of small magnetic fields. The tilting may even occur
at remanence since the perpendicular magnetic anisotropy ori-
ginating from Co—Pt orbital bonding has to overcome a sizable
shape anisotropy favoring an in-plane magnetization. The res-
ulting magnetic hysteresis features a pronounced rectangular
shape (switching), a non-vanishing susceptibility near reman-
ence (titled magnetization at nucleation sites invisible to Kerr
microscopy), and a prominent tail (multidomain state due to
pinning sites) (figures 2(a) and (b)). The tilt-mediated mag-
netization reversal is corroborated by the angular dependence
of the magnetization relaxation (figures 4 and 5) and magnetic
coercivity (figure 6).

The temperature dependence of the saturation magnetiz-
ation can be described by an empirical expression for the
spontaneous saturation magnetization M(T) = M,(0 K)[1 —
(%)"}5 (figure 2(c)). Within the investigated temperature
range, i.e. at temperatures substantially smaller than the Curie
temperature 7., both empirical expression and data obey the
Bloch law [42] for bulk ferromagnets M,(T) = M,(0 K)[1 —
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(%)”] with an effective transition temperature ~ 27,. The
Curie temperature 7, is estimated from the temperature
dependence of the coercive fields (figure 2(c)) to be (667
16) K and (567 &+ 14) K for [Co(0.3 nm)/Pt(0.6 nm)]s and
[Co(0.4 nm)/Pt(0.6 nm)]s, respectively. These values are in the
same ballpark as previously reported [43]. Note that the coer-
cive field coincides only for [Co(0.4 nm)/Pt(0.6 nm)]s with the
saturation field and is approximately half the saturation field
in [Co(0.3 nm)/Pt(0.6 nm)]s (figure 2(b)). The critical expo-
nent § = 0.3 ~ 0.4 agrees with literature values for the analyt-
ically exact solution 3/8 = 0.375 for the 3D Ising model, com-
pared with 1/8 for the 2D Ising model [44], as well as with
Monte Carlo simulations (0.36 ~ 0.39) [45] and experiment
(0.35 ~ 0.4) [45-47]. The saturation magnetization normal-
ized to the total volume of Co and Ptis M(0 K) = 534 kA m™!
and M,(0 K) =553 kAm~! for [Co(0.3 nm)/Pt(0.6 nm)]s
and [Co(0.4 nm)/Pt(0.6 nm)]s, respectively. Considering an
experimental uncertainty of 10%, the saturation magnetiza-
tion normalized to the Co volume equals the elemental Co
magnetic moment retrieved from quantitative X-ray magnetic
01rcu1ar dichroism spectroscopy (mspln = 1.6 up per atom;

mSS =0.15 pp per atom [48]) that corroborates an appro-
priately estimated Co volume. This is because a proximity
Pt moment < 0.3 ug [49, 50] induced by the Co magnetiz-
ation at each interface yields an additional relative contribu-
tion of 0.3/2.05 < 15%. Moreover, both approaches reveal
similar n values, namely 1.6 ~ 1.8 (empirical) and 1.6 ~ 1.7
(Bloch) in agreement with the nanogranularity of the mul-
tilayer stacks, that are slightly elevated from the ideal value
n = 1.5 for homogeneous films [42] observed in, e.g. amorph-
ous materials [51]. The existence of nanocrystals, islands, or
defects is known to yield values exceeding 2 [52—54] due to the
spatial confinement of thermal spin waves reducing the mag-
netization at finite temperatures [55]. Another manifestation
of the enhanced defect density in [Co(0.4 nm)/Pt(0.6 nm)]s is
in the larger coercive field and faster decline with temperat-
ure (figure 2(c)). Note that the magnetic anisotropy and satur-
ation field are still larger in [Co(0.3 nm)/Pt(0.6 nm)]5 and that
the linear relation between coercive and saturation field (mag-
netic anisotropy) depends on the homogeneity of the sample,
i.e. defect density. In other words, the extracted coercive and
saturation fields do not reflect the intrinsic magnetic aniso-
tropy that is expected to be larger in stacks with thinner Co
layers.

4. Angular dependence of magnetization relaxation

The angle-dependent relaxation measurements were conduc-
ted at room temperature using longitudinal magneto-optical
Kerr effect magnetometry (figure 3) [56]. Measurements were
taken using a quadrupole electromagnet at field orientations
« ranging from 20° to 65° in steps of 5° and skipping 40°
and 50° due to experimental constraints. In this notation, 90°
refers to the surface normal. The magneto-optical magneto-
metry setup features a 30 mW 639 nm continuous-wave diode
laser and provides a temporal resolution of 20 ms and a spa-
tial resolution <0.5 mm (figure 3). Sensitivity and long-term
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Figure 3. Schematics of optical setup featuring dual-phase lock-in
amplification and rotatable quadrupole magnet. The incidence and
deflection angle of the light is kept at 45° while the magnetic field
angle o can be changed between 20° and 65°. The sample normal is
90°.

Diode laser

stability are guaranteed by modulating the intensity at 1.4 kHz
(probe) and 1.68 kHz (reference) with a mechanical chop-
per and dual-phase lock-in amplification (Stanford Research
SR830). Each data point is averaged over a total of 30 periods
of the 1.4 kHz signal, i.e. 20 ms. Prior to each magnetic vis-
cosity measurement, hysteresis loops are recorded that exhibit
rectangular loops with slight slanted flanks and a magnetic
susceptibility that vanishes near remanence (figure 4(a)). Note
that this is in stark contrast to the volume-integrated hyster-
esis loops discussed above (figure 2(a)). The corresponding
field range is set to probe the vicinity of the coercive field in
steps of +-0.4 kA m~'. Even a cursory visual inspection indic-
ates a marked difference between [Co(0.3 nm)/Pt(0.6 nm)]s
and [Co(0.4 nm)/Pt(0.6 nm)]s that becomes more prominent
as the field rotates away from normal (figure 4(b)). This sens-
itivity, particularly in comparison with the magnetic hysteresis
loops (figure 4(a)), highlights the strength of angle-dependent
magnetization relaxation measurements.

The temporal evolution of the normal magnetization com-
ponent is mathematically described by a compressed expo-
nential function based on a theory originally developed for
crystal growth [57, 58] that accounts for a stochastic nucle-
ation at grains and subsequent expansion. This approximation
is well met by the magnetization switching, as evident from
Kerr microscopy (figure 2(d)), and yields a remarkably good
fit for both samples and all angles (figure 4(b)). In fact, the
exponential fits deviate only slightly from experiment for ini-
tial and final relaxation in agreement with literature [12]. A
relaxation involving N successive correlated relaxation path-

ways obeys
Bi
Za, exp ()

with the relaxation times 7;, exponents [3;, relative weights
a;, and offset g. For N — oo, equation (1) becomes the well-
known logarithmic dependence [21-23]. Reversal processes
where the nuclei do not grow, i.e. uniform switching (Debye
relaxation), are described by 3 = 1; fast radial expansions of

+8 ey
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Figure 4. Angular dependence of room-temperature magnetization
reversal acquired with magneto-optical magnetometry. (a) Magnetic
hysteresis loops for [Co(0.3 nm)/Pt(0.6 nm)]s and

[Co(0.4 nm)/Pt(0.6 nm)]s (90° is normal). (b) Magnetization
relaxation of (left) [Co(0.3 nm)/Pt(0.6 nm)]s and (right)

[Co(0.4 nm)/Pt(0.6 nm)]s in the presence of magnetic bias fields
applied at (upper) 65° and (lower) 25° with respect to the sample
plane (initially saturated at —80 kA m™'). Curves represent bias
fields that increase by +0.4 kAm~! from 15.7 (0.3 nm, 65°), 17.9
(0.4 nm, 65°), 31.8 (0.3 nm, 25°), and 34.8 (0.4 nm, 25°) kKAm™~".
The single and double exponential functions used to fit the data are
described in the text. (c) Collapsed relaxation curves plotted in (b)
revealing magnetic field independence and, for [Co(0.3 nm)/

Pt(0.6 nm)]s, field orientation independence.

the nuclei correspond to 5 = 3 [59, 60]. The lower defect dens-
ity ensures a single pathway (N =1) for the magnetization
relaxation in [Co(0.3 nm)/Pt(0.6 nm)]5s with small deviations
from the single exponential fit upon approaching in-plane geo-
metry (figure 4(b)). These deviations are minor compared with
[Co(0.4 nm)/Pt(0.6 nm)]s that requires double exponential
fits (N =2) for angles smaller than 65° (figure 4(b)). This
profound difference cannot result from the magnetic aniso-
tropy, which differs by only 5% between both systems, but
is due to distinct defect densities (20 times). We use a; ,
T1,2, and S  to refer to the first and second relaxation path-
way in [Co(0.4 nm)/Pt(0.6 nm)]s and a, 7, and 8 without
subscript for the single relaxation pathway in [Co(0.3 nm)/
Pt(0.6 nm)]s.

For each angle, the relaxation curves collapse upon normal-
izationtot, /, (figure 4(c)), which is defined as M(t, /,) = 0 and

related to the relaxation time 7 via ¢, = [ln(2)]1/ A, indic-
ating a field-independent relaxation mechanism (figure 5(a)).
The relaxation time is discussed below. There are instances
where the shape (/3) of the individual curves differs from the
rest (figure 4(b)). This process is stochastic since the shape
does not reproduce in repeated measurements. With the excep-
tion of the second pathway for [Co(0.4 nm)/Pt(0.6 nm)]s (5,),
all cases can be fitted with a compressed exponential func-
tion with virtually the same 5 and [3; values for a given angle
« (figures 5(a) and 6). The field-dependent 3, value (0.5 <
B2 < 1) is independent of the angle and resembles the trend
of the relative weight a; /a, (1 < Z—; < 1.5) (figure 5(c)). This
causes a small opening on either side of the collapsed curves
with a slim waist at =7, (figure 4(c)). The ideal case of
radial growth of circular domains (5 = 3) is not observed as
the domains evolve in a dendritic structure (figure 2(d)). In
all cases, the nucleation and domain wall propagation (3 ~ 3)
contribution to the relaxation precedes the uniform switching
(8~ 1). While the 3 values are similar to those reported in lit-
erature for Co/Pt multilayers [61], the observed increase with
film thickness is opposite to previous works [27] likely caused
by the increased defect density in [Co(0.4 nm)/Pt(0.6 nm)]s.
The relaxation times of all three pathways, i.e. 7, 71, and
T,, decrease exponentially with the magnetic field (figure 5(b))
corroborating weak domain wall pinning [23, 26, 31]. This is
equivalent to v =1 in the Arrhenius—N¢el law for the relaxa-

tion time [1]:
Ey H\"
= 1= 2
T ToeXp[kBT( Hc):|’ (2

with the activation barrier Ey, the coercive field H,., and the
attempt frequency fy = Tio (1 GHz-1 THz). With decreas-
ing angle «, experimental and calculated #;/, (via 11/, =

[ln(2)]1/ A 71) deviate from each other (figure 5(d)) due to
increasing contributions of the second pathway, i.e. underes-
timated 3, and t; ,, apparent in the collapsed data (figure 4(c)).
The transition from a fast compressed to a slow stretched
exponential relaxation agrees well with the stress relaxa-
tion in inhomogeneous materials where the activation barrier
increases in the process of relaxation [14, 15]. This can also
be understood from a magnetic perspective where the mag-
netization relaxation originates from the low-anisotropy nuc-
leation sites with negligible activation barrier followed by an
anisotropic domain wall propagation across the inhomogen-
eous nanogranular film. As the magnetic bias field tilts away
from the easy axis (normal direction), it exerts a torque on the
magnetization initiating a rather uniform switching via tilt-
ing the magnetization (8 — 1) and an activation barrier Ej
that, according to equation (2) and figure 5(b), decreases with
decreasing angle «. This inference is corroborated by the need
for the modified Kondorsky model Hf‘('égg) =h+ gll;Z [62,
63] to describe the angular dependence of the coercive field.
The Kondorsky model (2= 0) applies to pinning-dominated
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Figure 5. Field and angular dependence of (a) exponents, (b)
relaxation times, (c) relative weight of first and second pathway, and
(d) halftime extracted from figure 4 (90° is normal).

[Co(0.4 nm)/Pt(0.6 nm)]s requires double compressed exponential
functions due to the existence of two successive relaxation
pathways. Indices 1 and 2 refer to the first and second pathway. The
relaxation times are fitted using the Arrhenius—Néel law with v =1.
The scatter data in (d) is the experimental data obtained under the
condition M(t /2) = 0; the solid lines are calculated using 31 and 7.

reversals [64] in systems with large magnetic anisotropy and
perfect rectangular hysteresis loops [65] and contrasts coher-
ent rotation of the magnetization (Stoner—Wohlfarth) [66]
and incoherent modes, such as curling or buckling [67, 68].
The magnetization reversal in less perfect systems, as dis-
cussed here, can be described by the modified Kondorsky
model [62, 63] accounting for tilted magnetization vectors
during the reversal process [69—71]. The modifications to the
simple Kondorsky model are substantial for thicker films, i.e.
h(0.4 nm) =0.41 vs. £(0.3 nm) = 0.29, owing to smaller
perpendicular magnetic anisotropy and larger defect density
(figure 6).

In conclusion, we synthesized nanogranular Co/Pt mul-
tilayers with different perpendicular magnetic anisotropy and
defect density to study the angular dependence of the relaxa-
tion mechanisms. The critical exponents of the double expo-
nential functions reveal a transition from a pinning-dominated
domain wall propagation to a sequence of pinning-dominated
and uniform switching, which is corroborated by the scaling

25 =4 B - 4 A 0.3 nm
- =B —= 50 0 0.4 nm
£ o £ A mE (n d32)
Q P Y sma
9 =, 40 |- 2 n
5 1.5 :5 2

1 I/H—I/I—L*—‘ 30 23 2
20 40 60 20 40 60
Angle « [deg] Angle « [deg]

Figure 6. Angular dependence of exponent and coercive field
corroborating tilted magnetization vectors due to oblique magnetic
bias fields (90° is normal). Coercive fields are fitted using the
modified Kondorsky model with 4(0.3 nm) = 0.29 and

h(0.4 nm) = 0.41.

of relaxation times and the angular dependence of the coer-
cive field. The torque exerted on the magnetization vector by
the oblique magnetic bias field is more efficient in thicker films
with increased defect density and smaller perpendicular mag-
netic anisotropy yielding two successive correlated relaxation
pathways with fast compressed and slow stretched exponential
relaxation. The enhanced sensitivity of angle-dependent mag-
netization relaxation measurements to defects may be useful in
cases where temperature cannot simply be varied due to con-
straints by the phase diagram. This includes the unwinding of
topological magnetic states in the presence of magnetic, elec-
tric, or strain fields and the influence of structural disorder and
imperfections.
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