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ABSTRACT

Anisotropy constants of magnetic materials are typically determined through angle-resolved Ferromagnetic Resonance (ar-FMR) and torque
magnetometry, which can be time consuming measurements, thus limiting their utility. The Stoner-Wohlfarth model can be used to numeri-
cally fit measured magnetic hysteresis curves to more easily determine these anisotropy constants. To demonstrate this, 10 nm bct FexCo,Mn,
single-crystal films grown by molecular beam epitaxy on MgO(001) substrates were investigated. The hysteresis behavior measured by vibrat-
ing sample magnetometry was least-squares fit against numerically calculated hysteresis curves generated from the Stoner-Wohlfarth model
to extract the anisotropy constants. The cubic anisotropy of different compositions of FeCoMn films was at ~ 10* J/m?, which is on the same
order of magnitude of bct Fe and Co thin films measured by ar-FMR and torque magnetometry techniques.

© 2021 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/10.1063/5.0051454

I. INTRODUCTION

Anisotropic magnetic materials have applications in many
forms of magnetic memory, ranging from hard drive technolo-
gies to magnetic RAM (MRAM)."” The stability of a bit to ther-
mal fluctuations depends on its total moment, its total magnetic
anisotropy, and any fringing magnetic fields from nearby bits. The
information density of magnetic memory storage devices can be
increased by enhancing the magnetization density of the bit material
or by increasing the strength of that material’s magnetic anisotropy.’
Recently, single-crystal bet films of FeCoMn have been synthesized,
which greatly increases the magnetization density beyond the Slater-
Pauling limit,* but the magnetic anisotropy of these ternary films is
yet to be fully explored.

Historically, the strength of the magnetic anisotropy was deter-
mined by either performing angle-resolved Ferromagnetic Reso-
nance (ar-FMR)’ or by torque magnetometry.® Unfortunately, such
measurements are time intensive and not suitable to combinatoric
methods where large sample composition ranges can be explored
and appropriately mapped as a function of composition. Hystere-
sis loops measured using the surface magneto-optical Kerr Effect

(SMOKE) have been successfully used in a combinatorics study to
identify the ferromagnetic region of the ternary phase diagram for
sputtered polycrystalline FeCoV films.” Similarly, combinatoric syn-
thesis coupled with Vibrating Sample Magnetometry (VSM) has
been used to map the coercive field variation over the ternary com-
position space of FeCoW® and FeCoNb’ films for applications as
low-cost alternatives to rare-earth permanent magnets. Although
the primary focus of these combinatoric studies was controlling
the coercive field values through the alloys’ composition, it was
found that the coercive field was also dependent on extrinsic sur-
face/interface roughness.'*!!

Intrinsic anisotropy constants could be a more useful measure
of the magnetic utility and can be determined directly from a com-
parison of the magnetic hysteresis with calculated loops predicted
within the Stoner-Wohlfarth (SW) model. This process could be
further improved by using the data from existing combinatorics
studies to train a machine-learning algorithm'” to predict alloys with
more desirable material parameters, such as higher magnetization
densities and anisotropy constants (as was carried out to predict
larger magnetic moments through the addition of Pt and Ir to FeCo
alloys'?).
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Il. MODEL GEOMETRY

The Stoner-Wohlfarth (SW) model is applicable to any sam-
ple geometry, but the fitting algorithm can be greatly simplified
by selecting particular measurement geometries that exploit the
dominant anisotropy within the material (from crystalline or shape
anisotropy). By restricting the applied field to be coincident with
selected crystallographic directions, specific anisotropy constants
can be more easily determined. In the general case (or where there
is no dominant anisotropy), vector magnetometry can be used to
simultaneously determine all anisotropy constants from numerically
fitting multiple hysteresis loops.

The samples in this work are single-crystal 10-20 nm thick bct
FexCoyMn, thin films deposited on MgO(001) by Molecular Beam
Epitaxy (MBE) and capped with 3 nm of Al to prevent oxidation.
These films have a large perpendicular anisotropy, confining the
magnetization to be within the film plane. Restricting the applied
field to the film plane allows for determination of the in-plane cubic
anisotropy constants.

The focus of this work is on the first-order cubic anisotropy
term, K, but the second-order term, K, (typically smaller by an
order of magnitude), can be likewise determined. By depositing
these films on a MgO(001) substrate, the epitaxial nature of the
films and the in-plane geometry of the applied field eliminate the
contribution of the second-order term. The second-order term does
become important for field sweeps taken out of the film plane, espe-
cially for field sweeps along the [111] direction.'* Even in those cases
where the magnetization canted out of the film plane, it has been
shown'® that the effect of the K, term on the magnetic hysteresis
loop is minimal unless K3 is orders of magnitude larger than K.

Ill. STONER-WOHLFARTH MODEL

Using the geometry seen in Fig. 1, it is possible to construct
an energy that incorporates the in-plane cubic anisotropy and the
coupling between the applied magnetic field and the magnetization.
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FIG. 1. Thin film magnet with an in-plane cubic anisotropy and Ky > 0. ¢ is the

Using the macroscopic spin approximation, the film magnetization
is viewed as a single magnetic domain with a constant magnitude
but variable direction. This approximation works well for thin film
single-crystal samples that have been previously magnetized to their
saturation magnetization. The dominant terms of the energy for
such a system are

E = Ky sin” ¢ cos” ¢ — poH - M, (1)

where the first term is the first-order cubic anisotropy energy of con-
stant K; and the second is the Zeeman energy. As discussed above,
the second-order cubic anisotropy constant, K>, has been neglected
but can be similarly determined if hysteresis measurements are taken
in (or near) the [111] plane. This can be rewritten in terms of the
reduced energy I', by normalizing E by K,

T = sin” ¢ cos” ¢ — 2k - M/Ms, (2)

where the reduced field & = H%, Hg = /420%’ M is the magnetization
vector, and M is the saturation magnetization. The most ener-

getically favorable orientation for the magnetization direction, ¢,
is determined from % =0 and g’—;i > 0 at every value of the nor-
malized applied magnetic field (h) and at a particular sweep field
direction (6), which is held constant.

These energy minima for the magnetization direction as a func-
tion of the applied magnetic field strength can be seen in Fig. 2 as
red shaded curves. The blue shaded curves have negative second-
derivatives and are unstable energy maxima. The normalized hys-
teresis loop is simply the cosine of the angle between the applied
magnetic field and the magnetization [/ M/Ms = cos(¢ — 6)] and
is shown in Fig. 3.

The minor loops present in the model hysteresis are indicative
of a two-step hysteresis, an effect which was measured experimen-
tally by Daboo.'® These minor loops were theoretically treated by
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FIG. 2. Normalized energy surface for Eq. (2) at a constant 6 = 77, with ¢(h)

angle between the x-axis and the magnetization direction, and 6 is the angle 5 . ) &
between the x-axis and the applied magnetic field direction. when aTl,; = 0 is plotted on the bottom plane and shaded proportional to 575'
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FIG. 3. Magnetic hysteresis of the thin film magnet when 6 = 77, with two-step
hysteresis, which gets removed when fitting to data.

Usov!” for bulk materials with cubic anisotropies with three equiv-
alent crystalline directions (x, y, and z) whereas the samples con-
sidered in this work only have two magnetically equivalent direc-
tions due to a tetragonal distortion and the thin film magnetic shape
anisotropy, which violate the cubic symmetry in the z-direction.

Historically, the agreement between the Stoner-Wohlfarth
model hysteresis loop (using known magnetization and magnetic
anisotropy constants) and the measured hysteresis loop was used to
validate the SW model.'® This model can be applied to any sam-
ple geometry, as has been carried out for fcc Co nanoparticles'”
and magnetic spin valves,' the latter of which include an additional
energy term for the magnetic interaction between two magnetic lay-
ers of the spin-valve. The process used to validate the SW model
can also be inverted to determine the magnetization and magnetic
anisotropy constants through a least-squares fitting method. Mea-
sured hysteresis loops are the projection of the magnetization vector
along the analysis direction. If the analysis direction coincides with
the applied field direction (as is typically carried out), the normalized
hysteresis loop is again the cosine of the angle between the applied
magnetic field and the magnetization.

IV. RESULTS

Residuals between the calculated Stoner-Wohlfarth model
magnetizations for a given 6 and Hx are found and used in a least-
squares fitting algorithm to fit to the model parameters. A typical
fit of this type can be seen in Fig. 4. The cubic anisotropy constant
can be calculated with the definition of Hx = }i)% This procedure
was performed on the hysteresis loops of several Fe,Co,Mn, films
with different compositions. Details of the growth and composi-
tion determination are reported elsewhere." The hysteresis loops
were acquired using the VSM option of the Quantum Design Physi-
cal Properties Measurement System (PPMS) calibrated by the NIST
Pd standard. The hysteresis had a linear, diamagnetic background
removed (from the MgO substrate) and was smoothed with a Gaus-
sian filter. The results of these fits are presented in Table I.

These values are on the same order as epitaxial bcc Fe(100) on
GaAs(100),”" epitaxial bec Co on GaAs(110),”! and epitaxial beec Co
on GaAs(001)”* cubic anisotropies, which were found by ar-FMR to
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FIG. 4. Stoner—Wohlfarth model best fit to magnetic hysteresis data.

TABLE 1. Cubic anisotropy constant K from fitting Stoner-Wohifarth model cal-

culated hysteresis loops to VSM measured hysteresis loops for bce FexCoyMn,
films.

X y z M(1077 A m?) K1(10* J/m?)
0.33 0.60 0.07 1.1+£0.1 2.7+0.1
0.43 0.47 0.10 1.3+0.1 23+0.1
0.43 0.46 0.11 23+0.1 6.3+0.3
0.47 0.42 0.12 1.7 +0.1 39+02
0.40 0.42 0.18 24+0.1 41+0.2

be 2.4 - 10" J/m?, 6.6 - 10* J/m?, and 2.6 - 10" J/m?, respectively.
The anisotropy constants in these cases were found to depend on
film thickness.

V. CONCLUSIONS

The Stoner-Wohlfarth model calculated hysteresis loops com-
putationally coupled with a least-squares fitting algorithm and some
simple data filtering techniques create a viable method for determin-
ing anisotropy constants from magnetic hysteresis data. Not only
can cubic anisotropy constants be determined but a similar tech-
nique can also be applied to more complicated energies to predict
their hysteresis behavior as well (including higher order anisotropy
terms, surface/interface anisotropy contributions, fringe field inter-
actions, etc.). For example, second-order, K3, cubic anisotropy could
be considered for hysteresis loops measured near the [111] crys-
tal plane. This also opens the possibility of quantifying effects that
contribute to a hysteresis other than these anisotropies includ-
ing interlayer coupling between a free layer and a pinned layer
magnetization'® with a single fitting procedure.

This technique has been shown to extract cubic anisotropy con-
stants, in good agreement with known first-order cubic anisotropies
presented in the literature. However, it is not without its limitations;
square hysteresis loops acquired along the easy axis cannot be used.
Experience shows that hysteresis data taken at angles near the cen-
tral angle between the easy and hard axes of the sample achieve the
best results for the extraction of the fit parameters.
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The sample must have reached its saturation magnetization
from a sufficiently large applied magnetic field so that the macro-
scopic spin approximation is valid. Simultaneously fitting hysteresis
loops taken at a few angles for the same sample could improve the
anisotropy determination further. Despite requiring hysteresis mea-
surements to be taken at several angles, this technique would require
data to be taken at far fewer angles than ar-FMR techniques, which
typically require data to be taken roughly every 5°.

In previous combinatorics studies,” * the anisotropy constants
of many alloys have only been characterized qualitatively in favor
of easily studying measurement of magnetic properties such as the
coercive field and the saturation magnetization. These are typically
determined from the hysteresis of the sample measured either with
a VSM or a MOKE magnetometer, the data of which can be retroac-
tively used to determine magnetic anisotropy constants as well.
However, determining the anisotropy constants of these materials
may require modifications of the energy equation to include differ-
ent orders of anisotropy, such as uniaxial anisotropy (both perpen-
dicular shape anisotropy and in-plane uniaxial anisotropy generated
from details of the film growth) or second-order cubic terms; for-
tunately, the analysis process would remain relatively unchanged.
Coupled with a machine-learning algorithm,'>'* these data and the
relevant composition data of the samples could be used to predict
new magnetic materials.
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