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Abstract
Nanomagnetic materials are needed for increasing data storage capacity and suited for enhancing the performance of perma-
nent magnets. However, their performance is controlled by magnetic switching, which is driven by a competition between 
thermal activation energies and anisotropy energies. Here, we elucidate the magnetic switching process in epitaxial films 
with in-plane and out-of-plane magnetic anisotropies. While in both media the magnetization obeys a logarithmic decay 
over time, a drastic difference is revealed in their magnetic viscosities. The relaxation logarithmic law is a consequence of 
the epitaxy itself under which the film growth is initiated through random nucleation followed by islands growth and their 
coalescence, leading to non-uniform structural domains. These structural domains behave like magnetic domains due to the 
presence of antiphase boundaries where exchange coupling is disrupted. The activation volume for both media is found to 
match the average size of the structural domains. The very slow relaxation process under out-of-plane anisotropy is linked 
to the demagnetizing field, which drastically weakens the irreversible magnetic susceptibility. A simple analytical model 
was developed and found to well predict and corroborate the experimental findings. This study was conducted on CoFe2O4 
films epitaxially grown on (100) and (110) MgO substrates.
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1  Introduction

Magnetic relaxation is a thermally activated irreversible pro-
cess that occurs in ferromagnets [1–5] due to the unstable 
character of their magnetization, which can switch between 
its energetically favorable metastable states (see Fig. 1). It 
is of a considerable interest to permanent magnets applica-
tion and data storage technology [6, 7]. Nano-sized magnetic 
materials are highly suited for enhancing the performances 
of permanent magnets through high coercivity and large 
energy product (BH)max due to their single magnetic domain 
character that can favor coherent rotation mode as mecha-
nism of magnetization reversal [8, 9]. On the other hand, 
ultra-high recording densities storage requires magnetically 

decoupled nano-sized media with uniform grain size and 
narrow switching field distribution.

The characteristic time of the relaxation τ depends on the 
ratio between the energy barrier ΔE (difference between the 
maximum of energy and its minimum that holds the magnet-
ization) and the thermal energy kT (k is the Boltzmann con-
stant, and T is the absolute temperature of the ferromagnet) 
(see Fig. 1) according to the Arrhenius–Neel law τ = τ0eΔE/KT 
(τ0 = 10–9 s) [1]. The energy barrier ΔE strongly depends 
on the magnitude of the external applied field and varies 
linearly with the volume V of the relaxing magnetic particle 
through the anisotropy energy KuV (Ku is the anisotropy con-
stant of the particle). For an ideal system consisting of non-
interacting particles media with a uniform size, the magneti-
zation relaxes according to the equation M(t) = M0e−t/τ (M0 
is the initial magnetization at the origin of time). However, 
for a magnetic system with a distribution of energy barri-
ers related to magnetic domain-volumes distribution f(V), 
the relaxation process is averaged over the whole volume 
distribution according to the equation M(t) = ∫M0e−t/τf(V)dV 
[10]. This results into a new time dependence behavior of 
the magnetization described by M(t) = C − S × ln(t), where 
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S is the magnetic viscosity of the ferromagnet and C is a 
constant known as the initial magnetization of the relaxation 
process. The magnetic viscosity S varies with the applied 
magnetic field and its maximum value is typically reached 
at the coercivity field due to the reduction in the energy 
barrier ΔE, which becomes zero. The mechanism of mag-
netic relaxation is reasonably understood in particulate and 
granular magnetic systems with either random or oriented 
magnetic anisotropy [11] due to abundant experimental and 
theoretical studies that have significantly advanced scien-
tific knowledge in this field. However, the thermally acti-
vated switching processes of epitaxial structures have not 
been much investigated and the effects of the alignment of 
magnetic anisotropy on the relaxation process are not well 
established in two-dimensional structures.

In this paper, we investigate the magnetic relaxation 
process in epitaxial films with two different alignments of 
magnetic anisotropy (in-plane and out-of-plane) and we 
elucidate the mechanism behind the considerable reduc-
tion of magnetic viscosity in perpendicular media and their 
high thermal magnetic stability in comparison to those with 
in-plane aligned magnetic anisotropy. The study of inter-
est was conducted on CoFe2O4 films epitaxially grown on 
(100) and (110) MgO substrates. The choice of CoFe2O4 
for this relaxation study is motivated by its potential appli-
cations in magnetic and magneto-optic recordings [12] as 
well as its large magnetic anisotropy [13–15], which allows 
an accurate measurement of the magnetization irreversible 
process through the remanence curves. In the bulk phase, 
the magnetocrystalline anisotropy of cobalt ferrite is cubic 
and its first order K1 is about 105 J/m3 [14], whereas in epi-
taxial thin films of this magnetic oxide, the symmetry, the 

magnitude and the alignment of the anisotropy depend on 
the amount and the nature of strain (tension or compression) 
due to the domination of magnetoelastic effects [15]. The 
preference of MgO as a growth template is justified by its 
extremely small lattice mismatch with cobalt ferrite, which 
can easily promote an epitaxial film growth. Moreover, the 
uniqueness of cobalt ferrite for this investigation is reflected 
on the alignment of its magnetic anisotropy, which can be 
either parallel or perpendicular to the film plane depending 
on the crystallographic orientation of the MgO template [16, 
17]. The synthesized (110) films display an in-plane mag-
netization easy axis, whereas the anisotropy is found to be 
oriented along the normal to the film plane for those depos-
ited on (100) MgO. The study of interest is supported with 
results that include magnetic measurements (magnetization 
time dependence, hysteresis loops, remanence curves, and 
irreversible susceptibility), anisotropy measurement (torque 
curves), and structural analyses performed with X-ray dif-
fraction (XRD) and transmission electron microscopy 
(TEM).

2 � Experimental procedure and growth 
conditions of the films

The samples prepared for this study were fabricated by 
pulsed laser deposition (PLD) from polycrystalline CoFe2O4 
target in well controlled growth conditions. The substrates 
used for the growth consist of one side polished MgO with 
(100) and (110) crystallographic orientations. The very 
small lattice mismatch between MgO and CoFe2O4 (0.48%) 
promotes MgO to be an excellent template for growing epi-
taxial cobalt ferrite films, where one CoFe2O4 lattice unit 
can fit on the top of four MgO lattice units. The film growth 
takes place in a vacuum chamber, where high purity oxy-
gen is introduced when the pumping pressure reaches the 
threshold of 10–6 Torr. KrF excimer laser operating in the 
UV at 248 nm wavelength was used to irradiate the rotating 
CoFe2O4 target positioned at a constant distance (55 mm) 
from the substrate. The laser energy density on the target 
and its repetition rate were adjusted to 1.5 J/cm2 and 3 Hz, 
respectively and maintained at these values during the dep-
osition period. During the film growth, the substrate was 
heated at 300 °C and oxygen was supplied at a constant 
pressure. Under these conditions, the average deposition rate 
was 0.5 Å/s, and films with in-plane and out-of-plane mag-
netic anisotropies have been prepared on (110) and (100) 
MgO, respectively. It is important to note that the samples 
investigated in this study are 300 nm thick (~ 360 unit cells 
along the normal direction to the film plane) and display 
a perfect alignment of magnetic anisotropy as it will be 
revealed by structural and magnetic measurements. For all 
further details of the investigation, the films with in-plane 
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Fig. 1   Angular distribution of the free energy of uniaxial ferromag-
net showing the two metastable states of the magnetization through 
the two minima of energy. Thermal switching can be activated if the 
thermal energy kT becomes competitive with the energy barrier ΔE, 
leading to an irreversible jump of the magnetization between its posi-
tively and negatively aligned directions
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and out-of-plane anisotropies will be referred to as samples 
I and O, respectively.

3 � Magnetic relaxation, magnetic viscosity 
and activation volume

The relaxation measurement (Fig. 2) was performed at room 
temperature with a vibrating sample magnetometer (VSM) 
along the magnetization easy axis, which is aligned in-plane 
and out-of-plane for samples I and O, respectively. The detail 
of the measurement is reported in [11]. Prior each measure-
ment, a positive field of 20 kOe is initially applied to saturate 
the magnetization in the positive direction, then a constant 
negative is applied and maintained constant during the relax-
ation measurement, which takes about 2000s. It is impor-
tant to note that the coercivity fields for both I and O sam-
ples mentioned in this section discussion were determined 

through hysteresis loops measurement detailed in Sect. 5. 
Figure 2a displays typical relaxation curves of sample O 
measured at three different fields (− 3.5 kOe, − 7.5 kOe and 
− 11.5 kOe). It is clearly demonstrated trough these relaxa-
tion graphs that under a perpendicular anisotropy, the mag-
netization manifests a slow decay over time for each applied 
field. This decay is a direct quantification of the magnetic 
switching driven by thermal activation in the film. Moreo-
ver, as well illustrated by the three graphs of Fig. 2a, this 
irreversible process exhibits a logarithmic character similar 
to that predicted in non-uniform size magnetic media. On 
the other hand, the slope of the magnetization decay known 
as the magnetic viscosity S is surprisingly small (1.6 kA/m) 
at the coercivity field (Hc = − 6 kOe) in spite of a reduced 
energy barrier expected at this field. Additionally, S does 
not completely vanish at low and large fields (− 3.5 kOe and 
− 11.5 kOe) but instead displays a small value estimated at 
1.3 kA/m, meaning that thermal relaxation is slow but still 
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Fig. 2   Magnetization time dependence for epitaxial cobalt ferrite 
heterostructures with a out-of-plane and b in-plane aligned mag-
netic anisotropies, measured at three different applied fields (−  3.5 
kOe, −  7.5 kOe and −  11.5 kOe) along their easy axes. Note that 
the magnetization decay over time obeys a logarithmic law regard-
less the alignment of the magnetic anisotropy. The slope of the mag-
netization decay over time is strongly dependent on the magnitude 
of the applied field for in-plane anisotropy (b graph), whereas it is 
almost constant with the field for out-of-plane film (a graph). c Time 

dependence behavior of the magnetization measured at the coercivity 
field where the energy barrier is expected to vanish for in-plane (red 
curve) and out-of-plane (blue graph) anisotropies. At the coercivity 
field, the relaxation process is much pronounced for in-plane media 
in comparison to the out-of-plane anisotropy film as illustrated by the 
slope of the magnetization decay. d Field dependence of the magnetic 
viscosity for in-plane (red circles curve) and out-of-plane (blue trian-
gles curve) showing the strong dependence of the thermal stability on 
the magnetic anisotropy alignment
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active in this field range. Figure 2b shows the relaxation 
curves of sample I with an in-plane easy axis measured at 
three different applied fields with magnitudes equal, smaller 
and larger than the coercivity field of the film of interest. As 
illustrated by the graphs of Fig. 2b, the magnetization time 
dependence under an in-plane anisotropy obeys the typical 
logarithmic law characteristic of uniaxial ferromagnets with 
a wide distribution of thermally active volumes. However, 
in contrast to extremely low magnetic viscosity S at low and 
large fields (− 3.5 kOe, and − 11.5 kOe), which remains 
under 1 kA/m, the magnetization relaxation at the coerciv-
ity field is very pronounced and its decay rate exceeds 22 
kA/m. A direct comparison between the relaxation curves 
at the coercivity field for both samples O and I is depicted 
in Fig. 2c. It can be observed that although the thermally 
activated irreversible character of the magnetization is gov-
erned by the same logarithmic law in both samples (O and 
I), there is a drastic difference in the magnetization decay 
behavior related to the alignment of magnetic anisotropy. 
More precisely, at the coercivity field, the relaxation process 
quantified through the slope of the magnetization decay is 
more than fifteen times stronger under an in-plane anisot-
ropy in comparison to the film with an out-of-plane easy 
axis. To better analyze the effects of the alignment of the 
magnetic anisotropy on the magnetic relaxation process, 
the field dependence of the magnetic viscosity is presented 
for both samples (I and O) in Fig. 2d. As illustrated by the 
dashed curve, under the control of an in-plane anisotropy 
the relaxation process is very active in narrow field range 
that extends from 6 to 10 kOe as demonstrated by the large 
magnetic viscosity that can exceed 22 kA/m at the coercivity 
field. However, outside this narrow applied field window, 
thermally activated relaxation vanishes due to the consider-
able reduction in the magnetic viscosity, which approaches 
zero. On the other hand, as depicted by the solid graph of 
Fig. 2d, under the control of an out-of-plane anisotropy, 
the magnetization is very stable over time regardless the 
magnitude of the applied field as demonstrated by the very 
slow magnetic relaxation where the maximum of magnetic 
viscosity remains under 2 kA/m. It is important to point 
out that outside the field range of 6–10 kOe, the relaxation 
process becomes less sensitive to the magnetization easy 
axis alignment since under both anisotropies (in-plane and 
out-of-plane) the magnetic viscosity is almost the same as 
illustrated by the two graphs of Fig. 2d, which are superim-
posed on the top of each other. The activation volume Vac 
for these two relaxing structures was determined according 
to the equation Vac = (kT × χirr)/(Ms × S) [18, 19], where kT 
represents the thermal energy, χirr is the irreversible suscep-
tibility, Ms is the saturation magnetization and S is the mag-
netic viscosity. Vac was estimated to be 2.65 × 103 nm3 and 
3.43 × 103 nm3 for in-plane and out-of-plane anisotropies, 
respectively. More precisely, the average in-plane diameter 

(Dav) of the active volume for the relaxation process was 
determined to be 13.8 nm and 15 nm for in-plane and out-of-
plane anisotropies, respectively. It is interesting to note that 
there is an alternative experimental method for determin-
ing the activation volume for a relaxing magnetic system. 
This method is based on the measurement of the dependence 
of the coercivity Hc on the sweep rate of the applied field 
dH/dt [20]. The slope q of the predicted linear relationship 
between Hc and ln(dH/dt) is used to estimate the activation 
volume according to the equation Vac = kT/(q × Ms). To bet-
ter understand the thermally activated process in these two-
dimensional structures, which is described by a logarithmic 
law and very stable magnetization in out-of-plane media as 
revealed by their slow relaxation process, it is imperative 
to pursue further investigations including structural charac-
terization and magnetic measurement of both reversible and 
irreversible components of the magnetization. These inves-
tigations are further detailed in the next sections.

4 � Structural analyses and domains imaging

Structural analyses through X-ray diffraction measurements 
are among the key results supporting this investigation as 
displayed by different scans of Fig. 3. The diffractometer 
used in this study is Philips PANanalytical X’Pert XRD 
System where the X-ray radiation is generated with a Cu 
anode. Figure 3 represents the XRD data for the film grown 
on (100) MgO. As illustrated by Fig. 3a, the θ/2θ symmetric 
scan shows a highly oriented film due to the unique pres-
ence of textures parallel to (100). Moreover, the (400) film 
peak is shifted to high angles in comparison to the cubic 
bulk structure, indicating a lattice distortion where the 
lattice parameter along the normal axis to the film plane 
a⊥ = 8.32 Å is found to be smaller than the cubic lattice 
parameter a0 = 8.38 Å. The presence of a peak shoulder with 
an intensity close to 50% of the major peak in the spectra is 
identified as the contribution of Kα2 wavelength of the X-ray 
diffracting beam. However, the high resolution between Kα1 
and Kα2 contributions illustrated by the spectra of Fig. 3a 
reveals a very uniformly distorted lattice in the film. The in-
plane lattice parameter of the film was determined through 
XRD asymmetric scan measurement. In a such measure-
ment, the scan geometry is modified by introducing an off-
set angle between the angles θ (angle between the incident 
X-ray beam and the film surface) and 2θ (angle between 
the incident X-ray beam and the detector) to uniquely allow 
specific oblique crystallographic planes such as (511) to 
diffract. The result of the asymmetric scan is displayed in 
Fig. 3b where the (511) texture is present in the spectra 
through a narrow peak (full width at the half maximum is 
less than 0.3°) localized at diffracting angle 2θ equals to 
57.35°. By combining Bragg equations for symmetric and 
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asymmetric scans, both in-plane and out-of-plane lattice 
parameters were determined (a⊥ = 8.32 Å and a// = 8.62 Å) 
and used to estimate the lattice distortion factor (1.036), 
which is large enough for generating a strong uniaxial ani-
sotropy for this ceramic film. To confirm whether the films 
are epitaxial or just oriented, XRD phi scan was performed 
on the synthesized films. For this study, the crystallographic 
plane of interest was (511) for CoFe2O4 and MgO. As illus-
trated by Fig. 3c the phi scan of (511) MgO displayed on top 
(blue line) shows a four-fold symmetry (four peaks equally 
separated from each other by 90°). The phi scan of cobalt 
ferrite on bottom (red line) exhibits the same symmetry and 
its four (511) peaks are perfectly aligned with those of MgO. 
This perfect matching of the two oblique (511) planes of the 
film and the substrate is a good illustration of the epitaxial 
nature of the film. It is important to point out that the XRD 
data for (110) films have not been included into this arti-
cle due to the similarity between the results for (100) and 
(110) films, which both confirm an epitaxial structure with a 
tetragonal lattice distortion. It is important to point out that 
although XRD was powerful in revealing the epitaxial nature 
of these films, the reported discoveries about the relaxation 
process and the activation volume are still not understood 
and the following questions remain unanswered. (1) Why 
the magnetization time dependence in these epitaxial hetero-
structures obeys a logarithmic law? (2) Why the size of the 
activation volume is in the range of 13.8–15 nm? To answer 
these questions, we performed additional structural measure-
ment based on nanostructure imaging with a transmission 
electron microscopy (TEM). A special chemical method for 
the TEM sample preparation has been developed to allow 
the high resolution imaging of the nanostructure with all its 
features. This method consists of dissolving the entire MgO 
substrate in 4 wt% (NH4)2SO4 chemical solution, and pieces 

of the extracted Cobalt ferrite film were directly mounted 
on the microscope copper grids for TEM imaging. Figure 4 
depicts typical HRTEM image of the epitaxial cobalt ferrite 
film, which reveals the following characteristics. (1) The 
films are textured mono crystals. (2) At the nano-metric 
scale, the structure is built of domains, which are delim-
ited by boundaries (blue lines in the picture). (3) The shape 
and the size of these domains are not uniform. More pre-
cisely, the domain diameter varies between 5 and 30 nm. 
The irregularity in the domain shape and size is related to 
the growth mechanism which consists of island growth with 
random nucleation sites at early stage of the growth [21, 
22]. The coalescence of the neighboring islands during the 
film growth leads to the formation of domains with different 

Fig. 3   XRD a symmetric and b 
asymmetric scans of CoFe2O4 
film grown on (100) MgO 
substrate. Both scans reveal a 
highly oriented film with uni-
form tetragonal lattice distortion 
through the shift of the diffract-
ing peaks and the presence of 
Kα1 and Kα2 peaks in the θ/2θ 
scan spectra. c XRD Phi scan 
of the (511) texture showing 
the epitaxial nature of the (100) 
film through the perfect align-
ment of the peaks of the film 
(red curve on bottom) and the 
substrate (blue curve on top)

Fig. 4   HRTEM image of epitaxial cobalt ferrite film showing the 
monocrystalline structure of the film. At the nano-scale the film 
structure consists of domains with irregular shapes and non-uniform 
size which varies between 5 and 30  nm in diameter. The structural 
domains are delimited by anti-phase boundaries as shown by the blue 
lines
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shapes and size. The domains are delimited by antiphase 
boundaries [23–25] (blue lines), which are structural defects 
where the unit cell is shifted within the monocrystalline 
structure. This shift in the unit cell is necessary for keeping 
the matching between the monocrystalline structure and the 
crystallographic symmetry of the film and those of the sub-
strate. The magnetic exchange coupling is disrupted at the 
antiphase boundaries and the observed nanometric structural 
domains behave like magnetic domains. This very important 
result allows us to interpret the previous findings about the 
relaxation process and the activation domain. The epitaxial 
film of interest consists of decoupled magnetic domains with 
a non-uniform size. Each domain behaves like a single mag-
netic entity, where the magnetization can switch between its 
two energetically favorable metastable states as illustrated 
by Fig. 1. The magnetization switching for each domain is 
more likely to occur through coherent rotation due to the 
small domain size that cannot sustain multi-domain structure 
and to the large magnetic anisotropy of the heterostructure 
as it will be revealed by the magnetic characterization of the 
next section. The switching can be thermally activated and 
its average over the whole domain size distribution leads to 
a logarithmic dependence of the magnetization over time 
as previously established from the magnetic relaxation 
study. The activation volume estimated for both in-plane 
and out-of-plane media (13.8–15 nm) fits perfectly with the 
average domain size imaged with TEM. This suggests that 
the thermally active volume for the relaxation is the entire 
physical volume of the structural domain and the magneti-
zation reversal mechanism is more likely to be controlled 
by coherent rotation mode. It is important to recognize the 
crucial role of the structural investigation in interpreting 
and understanding the relaxation process in these epitaxial 
heterostructures. However, the information learned from 
the nanostructure imaging is not helpful in determining the 
effects of the orientation of the magnetic anisotropy on the 
thermally activated switching of the magnetization and com-
prehending the large difference between the in-plane and 
the out-of-plane magnetic viscosities reported previously. 
Magnetic characterization including the measurement of 
the irreversible character of the magnetization is needed to 
clarify how magnetic viscosity is affected by the easy axis 
orientation, explain the slow relaxation process in out-of-
plane media and establish a simple relationship between the 
in-plane and the out-of-plane viscosities.

5 � Magnetic properties and irreversible 
magnetization processes

The magnetic characterization of the epitaxial films of 
interest has been performed through hysteresis loops meas-
urement with a vibrating sample magnetometer (VSM) 

and anisotropy torque curves with a torque magnetometer 
(TMM). Figure 5 depicts the in-plane and the out-of-plane 
hysteresis loops as well as the torque curves for both (100) 
and (110) epitaxial films. As displayed by Fig. 5a, the out-
of-plane anisotropy character of the (100) film is illustrated 
through the large perpendicular hysteresis loop (blue curve) 
in comparison to the small in-plane magnetization curve 
(red graph). Additional typical characteristics of the mac-
roscopic magnetic properties of (100) film are revealed and 
summarized as follow. (1) With 22 kOe as maximum field 
for the VSM measurement, the hysteresis curves consist of 
major loops rather than minor loops. (2) The large hyster-
esis displayed by the perpendicular loop is a combination of 
a high coercivity field (Hc ~ 6 kOe) and a large remanence 
(mr ~ 0.8). (3) The shearing of the perpendicular hysteresis 
loop is more likely to be produced by the demagnetizing 
field, which is generated by the out-of-plane measurement 
geometry. (4) The linear and reversible character of the in-
plane magnetization curve with the exception of low field 
small hysteretic jump reveals that the film plane represents 
the hard axis of the magnetization. A linear extrapolation 
of the in-plane magnetization curve to high fields provides 
an estimation of the film anisotropy field Hk at the value of 
40 kOe. It is important to point out that the anisotropy field 
represents an intrinsic property of the magnetic material in 
contrast to the coercivity field, which is controlled by other 
factors such as the material microstructure [26] and the mag-
netization reversal mechanism [27, 28]. Figure 5b depicts 
typical hysteresis loops of (110) films, which display the 
following magnetic characteristics. (1) The in-plane align-
ment of the magnetization easy axis is revealed through the 
large square magnetization curve (dashed red line) measured 
along [001]. (2) Both the coercivity field and the square-
ness displayed by this in-plane hysteresis loop are quite large 
(Hc ~ 7500 Oe, S ~ 0.85) and the switching between the two 
metastable states representing the magnetization saturation 
along the negative and the positive directions takes place in 
a narrow-applied field range. (3) The out-of-plane magneti-
zation curve (solid blue line) exhibits a sheared hysteresis 
loop that closes at 10 kOe to become linear and reversible 
at larger fields. Extrapolating the linear character of the 
out-of-plane magnetization curve to very large fields allows 
the determination of the effective anisotropy field Hk,eff to 
be 45 kOe. This gives an estimation of the anisotropy field 
Hk to be 40 kOe based on the saturation magnetization of 
the films (Ms ~ 400 emu/cm3). Even though the magnitude 
of the anisotropy field is the same in both (100) and (110) 
films, significant differences can be observed through their 
magnetization curves measured along their respective easy 
axes. (1) The reduced remanence in the out-of-plane loop 
in (100) film is associated with the shearing induced by 
the demagnetizing field, which is insignificant in the (110) 
film in-plane hysteresis loop with a square loop and higher 
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remanence. (2) The singularity point representing the 
nucleation field which indicates the initial stage of mag-
netic instabilities during the magnetization reversal is well 
defined through a shoulder with a positive field for revers-
ing the negatively oriented magnetization for the in-plane 
square loop of (110) film. However, the nucleation field is 
poorly defined in the perpendicular hysteresis loop of (100) 
film and magnetic instabilities are triggered even at nega-
tive field during the reversal mechanism of the negatively 
oriented magnetization. This latter result can be understood 
as an assisted switching mechanism for the magnetization 
reversal driven by the demagnetizing field, which is gener-
ated through the out-of-plane measurement geometry.

In contrast to magnetization curves measurement, the 
power of torque magnetometry is reflected in its ability 
to directly investigate the magnetic anisotropy energy and 
determine all its characteristics described as follows. (i) 
The symmetry of the magnetic anisotropy can be directly 
established from the periodicity of the torque curve. (ii) The 
anisotropy constants (first and second order) can be easily 

determined from the torque measurement by using Fourier 
analyses or Myajima method [29], whereas the anisotropy 
field can be precisely measured from the field dependence 
of the rotational hysteresis. (iii) Torque measurement facili-
tates the investigation of competing anisotropies [16] and 
can well illustrate spin reorientation phenomena occurring 
in magnetic systems. (iv) Torque magnetometry can sense 
magnetic instabilities through angular magnetic switching 
[30] and predict the mechanism of magnetization reversal 
[31, 32]. Based on all these unique characters of torque mag-
netometry, we performed torque curve measurement on our 
films to fully characterize their magnetic anisotropy energy. 
Figure 5c displays the out-of-plane (blue) and the in-plane 
(red) torque curves of (100) film measured at 20 kOe as 
field magnitude. In such measurement, a rotating field with 
a constant magnitude is applied between 0° and 360° with 5° 
as angle step along the clockwise and the counterclockwise 
rotations and the anisotropy torque is measured at each field 
angle. At 0° and 90° the field is aligned along the normal 
and parallel directions to the film plane, respectively for the 

Fig. 5   Hysteresis loops for epitaxial cobalt ferrite films with a out-
of-plane and b in-plane magnetic anisotropy. The red and the blue 
curves are the in-plane and the out-of-plane loops, respectively. 
Under out-of-plane anisotropy film, the out-of-plane loop is highly 
hysteretic and exhibits a shearing induced by the demagnetizing field, 
whereas the in-plane loop is almost reversible and linear and does not 
saturate at the maximum applied field. Extrapolating the linear behav-
ior of the in-plane curve allows the estimation of the anisotropy field 

Hk at the value of 40 kOe. Under in-plane anisotropy film, the in-
plane loop is square and displays a large coercivity Hc ~ 7.5 kOe and 
narrow switching between the negative and the positive magnetiza-
tion states. The out-of-plane loop displays a small sheared hysteresis 
with linear behavior at large fields. c and d are the torque curves for 
out-of-plane and in-plane anisotropy films, respectively. The blue and 
red graphs are the out-of-plane and in-plane torque curves showing 
the anisotropy characteristics for both films described in the paper
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out-of-plane measurement, whereas it is parallel to [001] and 
[010] axes for the in-plane measurement. The out-of-plane 
torque curve reveals the following characteristics of the mag-
netic anisotropy in (100) film. (1) The 180° periodicity of 
the torque curve is a confirmation of the two-fold symmetry 
of the magnetic anisotropy energy with a uniaxial character. 
(2) The preferential direction of the magnetization is out-of-
plane due to the reversible behavior of the torque at 0° and 
its zero magnitude with a negative slope at this field angle. 
(3) The presence of a significant amount of rotational hyster-
esis centered at 90° reveals that the film plane represents the 
hard axis of the magnetization, and the anisotropy field Hk 
is much larger than the measurement field (20 kOe), which 
corroborates the previous finding based on the extrapolation 
to large field of the linear reversible magnetization along 
the hard axis. Rotational hysteresis is an irreversible pro-
cess related to the angular switching of the magnetization 
when the magnitude of the applied field is lower than the 
one of the anisotropy field [30]. The angular shearing of the 
rotational hysteresis is induced by the demagnetizing field 
through the out-of-plane measurement geometry. In con-
trast to a strong angular variation of the anisotropy energy 
through the out-of-plane torque measurement, the in-plane 
measurement (red curve in Fig. 5c) displays a flat reversible 
behavior where the in-plane torque is zero at any field angle. 
This latter result indicates that the in-plane anisotropy is 
either randomly oriented or inexistent. A random in-plane 
anisotropy is unconceivable under the epitaxial nature of the 
(100) film revealed through XRD analyses. In fact, under the 
uniform lattice distortion observed through the XRD sym-
metric scan, it is easy to predict that the anisotropy is fully 
out-of-plane and its in-plane component is zero. Figure 5d 
depicts the out-of-plane (blue graph) and the in-plane (red 
curve) torque curves for (110) film measured at 20 kOe. It 
is important to point out that for this in-plane torque meas-
urement (red curve), at 0° and 90° the field direction is 
parallel to the [001] and [110] axes, respectively. Through 
these torque curves, one can learn the following specific 
characters of the (110) film anisotropy. (1) The in-plane 
alignment of the anisotropy is clearly demonstrated through 
the hysteretic and reversible behaviors of the out-of-plane 
torque curve at 0° and 90°, respectively. (2) The two-fold 
symmetry of the in-plane torque reveals the uniaxial aspect 
of the in-plane anisotropy, where the easy axis is confined 
along [001]. (3) The large amount of rotational hysteresis in 
the in-plane torque in comparison to the out-of-plane one 
indicates that [110] (out-of-plane) and [110] (in-plane) rep-
resent the respective intermediate and hard axes of the mag-
netization. The angular shearing of the rotational hysteresis 
for the out-of-plane torque compared to the almost square 
one with a vertical jump for the in-plane torque is the result 
of the demagnetizing field contribution to the out-of-plane 
measurement.

Despite a good magnetic characterization of the epitaxial 
films where all the characteristics of the magnetization and 
the anisotropy have been revealed through hysteresis loops 
and torque curves measurements, there is still no clear 
answer to the strong dependence of the magnetic viscosity 
on the anisotropy orientation and the slow relaxation process 
in perpendicular media as reported earlier. The inability of 
these magnetic measurements to provide a clear understand-
ing of the relaxation results is mainly because magnetic 
relaxation is a purely irreversible process, whereas, in hys-
teresis loops and torque curves both components (reversible 
and irreversible) of the magnetization contribute to the 
measurement and cannot be separated from each other. The 
only way to fully comprehend and interpret the reported 
relaxation results is to pursue additional investigation mainly 
based on the magnetic characterization of the irreversible 
component of the magnetization. Direct current demagneti-
zation (DCD) remanence measurement can fulfill this need 
since it uniquely senses the irreversible magnetization com-
ponent and allows the determination of the irreversible sus-
ceptibility and the switching field distribution [33–35]. The 
graphs (a) and (b) of Fig. 6 represent the DCD remanence 
curves of both cobalt ferrite films with out-of-plane and in-
plane anisotropies, respectively. Under this remanence meas-
urement, a large negative field is first applied to saturate the 
film magnetization along the negative direction, then an 
increasing positive field is applied and removed to allow the 
measurement of the remanent magnetic moment at zero 
field. Upon removing the magnetic field, the reversible com-
ponent of the magnetization disappears, whereas the remain-
ing magnetization at zero field is purely irreversible and can 
be recorded at each applied positive field. Through the rema-
nence curves (a) and (b) of Fig. 6, one can learn the follow-
ing aspects of the irreversible magnetization in (100) and 
(110) films with out-of-plane and in-plane anisotropies, 
respectively. (a) Under the control of out-of-plane easy axis, 
the irreversible magnetization is characterized by the 
absence of stable negative remanent state, which typically 
reflects the negative saturation. Its field dependence shows 
a slow variation with an almost constant slope in a wide 
range of applied field that extends from 0 to 13 kOe before 
reaching the saturation at large fields. (b) The remanence 
coercivity Hr known as the field of zero remanence is esti-
mated to be 6.7 kOe from Fig. 6a for the out-of-plane ani-
sotropy film. (c) The remanence curve of the in-plane ani-
sotropy film reveals a completely different behavior 
characterized by two stable irreversible magnetizations 
below 6 kOe and above 10 kOe, which typically represent 
the two saturation states along the negative and the positive 
directions, respectively, and an abrupt change with fast 
increase between 6 and 10 kOe. (d) The remanence coerciv-
ity Hr for the in-plane anisotropy film is estimated to be close 
to 7.5 kO and the slope of the irreversible magnetization 
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change at this field is found to be very large as illustrated by 
Fig. 6b. It is important to point out that the stable character 
of the DCD remanence in field range that extends from 0 to 
6 kOe reveals that magnetic instabilities causing irreversibil-
ity in the magnetization start to develop at fields larger than 
6 kOe. However, the steady increase of the irreversible mag-
netization with a constant slope starting from zero field for 
the out-of-plane anisotropy film (Fig. 6a) indicates that there 
is no threshold field for creating magnetic instabilities. The 
latter result can be understood as an assisted magnetization 
switching, where magnetic instabilities are triggered by the 
demagnetizing field Hd, which equals − Mr when the exter-
nal applied field is zero. This varying demagnetizing field 
produces a shearing in the remanence curve as reported by 
Fig. 6b due to the non-zero internal field Hi created by the 
demagnetizing field Hd for the out-of-plane anisotropy film. 
It is clear that the origin of the major difference between the 
in-plane and the out-of-plane irreversible magnetizations is 
the demagnetizing field, which is present under the 

perpendicular geometry measurement (see Fig. 7) and its 
varying magnitude at each applied and removed field during 
the DCD remanence measurement causes a continuous slow 
change in the irreversible magnetization through the creation 
of magnetic instabilities. Under in-plane anisotropy, the 
absence of demagnetizing field suggests that only the exter-
nal applied field is behind the creation of magnetic instabili-
ties, which require a threshold field estimated to be 6 kOe. 
To measure the intensity of the magnetization irreversible 
process, it is important to determine the irreversible mag-
netic susceptibility and its field dependence for both films. 
The graphs (c) and (d) of Fig. 6 display the irreversible mag-
netic susceptibility obtained from the derivative of the irre-
versible magnetization over the field for the out-of-plane and 
the in-plane films, respectively in wide range of applied field 
extending from 0 and 20 kOe. After scrutinizing the two 
graphs of the irreversible susceptibility, one can learn the 
drastic differences between the irreversible processes under 
the two anisotropy alignments, which are described as 

Fig. 6   DCD remanence curves for a out-of-plane and b in-plane ani-
sotropy films showing the field dependence of the irreversible mag-
netization component. Under out-of-plane anisotropy, the irreversible 
magnetization displays a slow field variation and an almost linear 
behavior with nearly constant slope before reaching the saturation 
around 13 kOe. Under in-plane anisotropy, the irreversible magneti-
zation displays two stable states (negative and positive) with a narrow 
field transition between them. Field dependence of the irreversible 

magnetic susceptibility for c out-of-plane and d in-plane anisotropy 
films, showing the irreversible magnetization process in these hetero-
structures. Under out-o-plane anisotropy, the irreversible susceptibil-
ity is extremely small and shows a low variation versus the applied 
field manifested by a broad switching field distribution. Under in-
plane anisotropy, the irreversible susceptibility is extremely large at 
the coercivity field and the switching field distribution is very narrow
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follow. (a) As revealed by Fig. 6c, the irreversible suscepti-
bility for the out-of-plane anisotropy film is extremely small 
and never attains the value of 0.7 regardless the magnitude 
of the external applied field. (b) In contrast to its vanishing 
magnitude at large fields due to the saturation effect, the 
irreversible susceptibility maintains a small but non-zero 
value at small fields around zero. This behavior can be 
explained in term of the demagnetizing field, which is 
strongly present at zero external applied field and causes 
magnetic instabilities as previously discussed. (c) The very 
low irreversible susceptibility and its spread over all the field 
range are indicative of the extremely weak irreversible pro-
cess and the broad switching field distribution in the out-of-
plane easy axis film. (d) As illustrated by Fig. 6d, the irre-
versible magnetic susceptibility for the in-plane anisotropy 
film is equal to zero at fields lower than 6 kOe and larger 
than 10 kOe due to the two metastable states of the magneti-
zation characteristic of the negative and the positive satura-
tions. (e) The very fast variation of the irreversible suscep-
tibility in the 6 kOe–10 kOe field range and its extremely 
large value that exceeds 7 at the coercivity field confirm the 
strong irreversible process with very narrow switching field 
distribution in the in-plane anisotropy film. Through all this 
magnetic investigation, it becomes clear that there are major 
differences in the magnetic irreversible process in relation 
to the anisotropy alignment, which can be summarized as 
the following. (a) The out-of-plane easy axis film displays 
an extremely weak irreversible process and very broad 
switching field distribution. (b) The irreversible process is 
very strong and localized in very narrow applied field range 

in the in-plane anisotropy film as demonstrated by its irre-
versible susceptibility field dependence. Since magnetic 
relaxation is purely irreversible process driven by thermal 
switching of the magnetization, it is obvious that its intensity 
is modulated by the irreversible susceptibility, which shows 
weak and strong relaxation characters for out-of-plane and 
in-plane anisotropy media, respectively. Moreover, the mag-
netic viscosity S, which represents the slope of the magneti-
zation decay over time is expected to follow the same behav-
ior as the irreversible susceptibility χirr at constant activation 
volume and magnetization according to the relation: 
S = χirr × (kT)/(Ms × Vac). More quantitative information 
about the in-plane and the out-of-plane magnetic viscosities 
and their relation with the irreversible susceptibility and the 
demagnetizing factor will be detailed in the next section 
through the developed analytical model.

6 � Analytical modeling and relation 
between in‑plane and out‑of‑plane 
magnetic viscosities

In this section, we aim to develop a simple model that can 
provide an analytical expression that relates the in-plane 
and the out-of-plane magnetic viscosities and corroborate 
the previous experimental findings, which reveal slow and 
fast relaxation processes in out-of-plane and in-plane media, 
respectively. Under this model, Sin and Sout denote the in-
plane and the out-of-plane magnetic viscosities, respectively 
and the magnetization is assumed to obey a logarithmic 
decay over time as experimentally established. dMin and 
dMout represent the infinitesimal changes in the in-plane 
and the out-of-plane magnetization during the relaxation 
process and can be quantified according to the two follow-
ing equations:

and

As depicted by Fig. 7, under a perpendicular anisotropy 
when an external magnetic field Ha is applied to produce a 
magnetization M within the medium, the magnetic structure 
itself generates a demagnetizing field Hd equals to − N × M, 
where N is the demagnetizing factor, which equals 1 for a 
two-dimensional structure. It is obvious that the internal 
field Hi acting on the out-of-plane magnetic system consists 
of the superposition of the external applied field Ha, which 
is constant and the demagnetizing field

(1)dMin = −Sin × d(lnt),

(2)dMout = −Sout × d(lnt).

(3)Hd = −M,

Hd(t)

Substrate

Film

Film 
plane

M(t)

Hi(t)

Easy axis
Ha

Fig. 7   Geometry of the relaxation measurement in perpendicular ani-
sotropy film, showing the contribution of the demagnetizing field to 
the thermally activated process. Since the demagnetizing field Hd(t) 
depends on the relaxing magnetization M(t), the internal field Hi is 
also time dependent and will affect the relaxation process. In total, 
two sources will contribute to the time dependence of the magnetiza-
tion under out-of-plane anisotropy. These two sources are the intrin-
sic relaxation process as in-plane media and the varying internal field 
over time Hi(t)
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which is time dependent trough the relaxation of the magnet-
ization M. The time dependent character of the internal field

suggests that beside the intrinsic relaxation of the out-of-
plane magnetic system, an additional source is contribut-
ing to the total variation of the magnetization over time, 
namely driven by the non-constant internal field. Therefore, 
the infinitesimal variation of the magnetization of magnetic 
structure with an out-of-plane easy axis can be expressed as:

The term dM(t) represents the intrinsic magnetic relaxa-
tion, which is independent from the anisotropy alignment 
and can be expressed as:

The component of the magnetization variation produced 
by the internal field can be expressed as:

where

Since the variation of the internal field Hi with time is 
established to be through the relaxing magnetization M(t), 
the partial derivative (∂Hi/∂(lnt) can be expressed as:

The term (∂M/∂Hi) in Eq. 7 represents the intrinsic 
irreversible susceptibility χi = ∂M/∂Hi, whereas the terms 
(∂Hi/∂M) and (∂M/∂(lnt) in Eq. 9 are equal to − N (demag-
netizing factor) and − Sout (magnetic viscosity). The sub-
stitution of all these terms in Eq. 5 allows us to establish 
a new relationship, which is:

The simplification of Eq. 10 provides the final relation-
ship between Sin and Sout, which is expressed as:

To test the credibility of this analytical model, it is 
imperative to compare the experimental results and see 
whether they satisfy the established Eq. 11. Since both in-
plane and out-of-plane magnetic viscosities are measured 
at the same fields, it is more convenient to compare the 
field dependence of the ratio Sin/Sout with that of the term 
(1 + N × χi), where the demagnetizing factor N equals 1 for 

(4)Hi(t) = Ha − M(t),

(5)dMout = dM(t) + dM
(

Hi

)

.

(6)dM(t) = dMin = −Sin × d(lnt).

(7)dM
(

H
i

)

= (�M∕�H
i
) × dH

i
,

(8)dH
i
= (�H

i
∕�(lnt)) × d(lnt),

(9)(�Hi∕�(lnt) = (�Hi∕�M) × (�M∕�(lnt)).

(10)
−Sout × d(lnt) = −Sin × d(lnt) + (−N) × (�

i
) ×

(

−Sout
)

× d(lnt).

(11)Sin = Sout × (1 + N × �
i
).

the two-dimensional magnetic structure. The graphs (a) 
and (b) of Fig. 8 display the field dependence of the mag-
netic viscosities ratio (Sin/Sout) and the irreversible term 
(1 + χi), respectively. These two graphs exhibit the same 
behavior characterized by the presence of a peak in the 
field range 6–10 kOe with a maximum amplitude around 
7.5 kOe and a flat field dependence below 6 kOe and 
above 10 kOe. The agreement between the two graphs of 
Fig. 8 corroborates the developed analytical model under 
which Sin/Sout must equal the irreversible term (1 + χi). It 
is important to point out that despite the good agreement 
between the two graphs of Fig. 8, the amplitudes of the 
two peaks of the two graphs are slightly different. This 
may be explained by the in-plane and the out-of-plane ani-
sotropy samples investigated under this study are not 100% 
identical in term of microstructure and magnetic properties 
as demonstrated by the difference in activation volume, 
coercivity and remanence coercivity.

Fig. 8   Field dependence for a the measured magnetic viscosity ratio 
Sin/Sout and b the measured factor (1 + χi). According to the analyti-
cal model developed in this paper, these two factors must be equal, 
which is well illustrated through the behavior of the two graphs of 
this figure. Note that the small difference between the two graphs is 
mainly due to the fact that Sin and Sout have been measured under two 
different samples with different domains structures and activation vol-
umes, while under the model the two samples must be identical with 
the exception of the alignment of their magnetic anisotropy
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7 � Conclusions

Thermally activated magnetic switching has been investigated 
in epitaxial films with in-plane and out-of-plane magnetic ani-
sotropies through magnetic relaxation measurement. It is found 
that while in both media the magnetization time dependence 
obeys a logarithmic law, the out-of-plane magnetic viscosity 
is extremely small and remains under 1.7 kA/m, in contrast 
to extremely large in-plane magnetic viscosity, which exceeds 
22 kA/m at the coercivity field. The origin of the magnetization 
logarithmic law is a consequence of the epitaxy itself under 
which the film growth is initiated through random nucleation 
followed by islands growth and their coalescence, leading 
to a non-uniform size of structural domains as illustrated by 
HRTEM imaging. The structural domains behave like magnetic 
domains due to the presence of antiphase boundaries where 
exchange coupling is disrupted. The activation volume for both 
in-plane and out-of-plane easy axes films was determined and 
found to match the average size of the structural domains. The 
very slow relaxation process under out-of-plane easy axis is 
found to be caused by the demagnetizing field, which drasti-
cally weakens the irreversible magnetic susceptibility. A simple 
analytical model was developed and found to well predict and 
corroborate the experimental findings. The study of interest was 
conducted on cobalt ferrite films epitaxially grown by pulsed 
laser deposition on (100) and (110) MgO substrates.
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