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ABSTRACT

We have developed the macrospin-based software MagSAF that allows for fast and easy simulations of magnetic hysteresis loops of synthetic
antiferromagnets with in-plane magnetization and in-plane uniaxial magnetic anisotropies. Additionally, the bilinear and biquadratic inter-
layer exchange coupling strengths can be extracted from experimental data via curve fitting. It also nurtures understanding the physics
behind the magnetic hysteresis loops by allowing the user to examine the macrospin angle rotation and the energy landscape during the
magnetic field sweep. We prepared CoFeB(5 nm)=Ru(dRu)=CoFeB(5 nm) synthetic antiferromagnets with 0:4 nm � dRu � 0:85 nm to test
our software. We find great agreement between our extracted bilinear and biquadratic coupling strengths and those that were obtained with
a more advanced discrete energy model that takes the twisting of spins over the ferromagnetic layer thickness into account. For a thicker
synthetic antiferromagnet CoFeB(18.0 nm)/Ru(0.55 nm)/CoFeB(5.75 nm), the differences between the macrospin and discrete energy model
become more apparent.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0288886

I. INTRODUCTION

Synthetic antiferromagnets (SAFs) consist of two ferromag-
netic (FM) layers, which are separated by a very thin non-magnetic
(NM) spacer layer and couple antiferromagnetically. The spacer
layer introduces an indirect interlayer exchange coupling (IEC)
with two coupling terms: the bilinear Jbl and biquadratic Jbq cou-
pling. For both coupling terms, there are a few theoretical models
that attempt to explain their physical origin. The quantum interfer-
ence model seems to be the best physical description of the bilinear
IEC phenomenon.1,2 In this model, the interlayer exchange cou-
pling arises from quantum interferences due to spin-dependent
reflections of Bloch waves at the NM/FM interface. Historically,
however, the bilinear coupling is often attributed to the
Ruderman–Kittel–Kasuya–Yosida model3–5 because it was the first
to accurately describe the oscillatory coupling behavior. The phe-
nomenological biquadratic term was first introduced by Rührig
et al.6 Until now, many different physical origins and possibilities

to actively influence it have been proposed, e.g., by thickness
inhomogeneities of the NM layer,7 FM additions in the NM
layer,8–10 dipolar fields due to a rough FM/NM interface,11 and
pinholes in the NM layer.12 Some of these models are also summa-
rized in Refs. 13 and 14. Finally, another roughness-induced cou-
pling effect, Néel “orange-peel” coupling, can be present, which
typically favors parallel alignment for in-plane (ip) magnetized FM
layers.15–17

The IEC influences both the static and dynamic magnetic
properties of SAFs. Most commonly, the static behavior in the
form of a magnetic hysteresis loop is used to extract the coupling
strength of SAFs. However, the exact approach differs from publica-
tion to publication. Sometimes, only saturation or exchange fields
are used to compare coupling strengths.18–23 Others fit their experi-
mental hysteresis loops with a macrospin model to obtain an effec-
tive coupling strength Jex,

24,25 while others fit the individual
bilinear Jbl and biquadratic Jbq terms.26–34 Even though the macro-
spin model has several advantages compared to more complex
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models, such as its low computational cost and ease of understand-
ing, one large limitation is its neglect of spin twisting over the FM
film thickness. Since IEC is an interface effect, only the ferromag-
netic spins at the FM/NM interface experience its coupling directly.
It then depends on all energy contributions, i.e., Zeeman energy,
anisotropies, and indirect and direct exchange interaction, whether
the IEC favored alignment is continued through the FM film thick-
ness or whether the spins start to twist away toward an energeti-
cally more favorable position. This spatial difference in spin
orientation can be taken into account by dividing each FM layer
into sublayers, which are coupled via direct exchange
interaction.35–41

Despite the relevance and many applications of SAFs,32,42–45

there is no easy-to-use open-source software available to simulate
and fit magnetic hysteresis loops of SAFs. Only last year, Wadge
et al.40 released their discrete energy model, where each FM layer is
divided into sublayers, together with a website for users to fit their
data. However, this has some limitations, e.g., the user interface on
their website can only be used for fits and not for individual simu-
lations, and anisotropies are currently not implemented. We devel-
oped the macrospin-based open-source software MagSAF,46 which
has a simple user interface with the goal to act as a stepping stone
for researchers who want to get into the field of SAFs. It enables
researchers to simulate and fit magnetic hysteresis loops of SAFs
with uniaxial magnetic anisotropies. Besides that, one can look at
the macrospin rotation and energy landscape during the magnetic
field sweep to better understand what is behind the magnetic hys-
teresis loop. By fitting experimental data, the bilinear and biqua-
dratic IEC strengths can be obtained. We showcase this with a
CoFeB(5)/Ru(dRu)/CoFeB(5) (all thicknesses in nm) SAF thickness
series and compare our extracted bilinear and biquadratic coupling
strengths with those obtained with the discrete energy model.
Finally, we stress test our macrospin model using a rather thick
CoFeB(18.0 nm)/Ru(0.55 nm)/CoFeB(5.75 nm) SAF sample and
compare our results again with the discrete energy model.

II. THEORY AND IMPLEMENTATION

In this work, we investigate thin film SAFs with magnetiza-
tions aligned in the plane of the SAF. This holds true for the often
considered case of a prevailing thin film shape anisotropy and the
external magnetic field being aligned in-plane (see Fig. 1). In the

macrospin model, all magnetic moments of one ferromagnetic
layer are summed up to one “macro” spin Mi

s, i.e., the exchange
stiffness is Aex ¼ þ1. In our macrospin model, the total magnetic
energy per unit area G of the SAF comprises the Zeeman energy,
any in-plane uniaxial magnetic anisotropy of each ferromagnetic
layer, and the bilinear and biquadratic energies arising from cou-
pling between the layers. Thus, it can be formulated as

G ¼ �dAMA
s μ0 Hcos fA � fH

� �þ 0:5HA
ani cos

2 fA � fA
ani

� �� �
� dBMB

s μ0 Hcos fB � fH
� �þ 0:5HB

ani cos
2 fB � fB

ani

� �� �
� Jblcos fA � fB

� �� Jbq cos
2 fA � fB
� �

, (1)

where fi, di, Mi
s, H

i
ani, and fi

ani are the macrospin angle, thickness,
saturation magnetization, uniaxial magnetic anisotropy field, and
easy axis direction of the ferromagnetic layer i ¼ A, B. μ0 is the
vacuum permeability, fH and H are the external field angle and
magnitude, and Jbl and Jbq are the bilinear and biquadratic coupling
strengths, respectively. In our definition, a negative Jbl value leads
to antiferromagnetic coupling. Note that we neglect the demagnet-
ization energy. Further, MagSAF does not currently offer the capa-
bility to simulate out-of-plane fields. Consequently, it is not able to
simulate or fit out-of-plane easy-axis SAFs in its present form.

Figure 1 illustrates an arbitrary orientation of the macrospins
of a SAF. For the simulation of the magnetic hysteresis loops, the
equilibrium positions fA,B of the macrospins must be known. They
are found at the local minima in the energy landscape G(fA, fB).
When the magnetic moments are saturated, we can assume that the
equilibrium positions of the macrospins are along the external field
fA,B ¼ fH . For the simulation of a full magnetic hysteresis loop,
the equilibrium positions of the previous field step H j�1 is used as
a starting guess in the search for the new local minimum in the
energy landscape G(fA, fB) for the new field value Hj.

For the local minimizer, we use the open-source python
package SciPy47 and specifically its scipy.optimize.
minimize function. Within this function, we use the built-in
Newton-CG method, which is a line searching conjugate gradient
method.48 Even though this method takes both the Jacobian and
Hessian matrix as input, which we can derive analytically, the mini-
mizer gets stuck if the starting parameters for fA and fB lie on a
saddle point or maximum in the current version of SciPy
v1.15.2. This can become an issue, e.g., when coming from satu-
ration, because it is possible that the equilibrium positions for fA

and fB of the previous field step H j�1 are then lying on top of a
saddle point for Hj and the local minimizer gets stuck. To circum-
vent this issue, we use the second partial derivative test. For that,
instead of requiring GfA (first derivative of G with respect to fA)
and GfB to be exactly 0, we allow for a small computational error
by setting jGfA j , 10�5 and jGfB j , 10�5 as the first requirement
because the local minimizer gets stuck or no longer minimizes even
for very small non-zero gradients. Then, we check whether the
determinant of the Hessian matrix is negative (saddle point) or
whether the determinant of the Hessian matrix is positive and
GfAfA , 0 (second derivative of G with respect to fA)
(maximum). If one of these is true, the algorithm searches through
positions surrounding the previous equilibrium position for fA

and fB in a spiral-like pattern, which is illustrated in Fig. 2.

FIG. 1. Illustration of the layer structure of a synthetic antiferromagnet with
arbitrary in-plane macrospin orientations and angle definitions.
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At every position (marked by numbers in Fig. 2), the Jacobian and
Hessian matrix is calculated and the second partial derivative test is
checked again. The first position where the test fails, i.e., where we
are off the saddle point or maximum, is chosen as a new starting
position for the local minimizer for the new field step Hj.

Once all equilibrium positions of the macrospin angles are
known, the magnetic hysteresis is calculated using

M(H) ¼ dAMA
s cos fA(H)� fH

� ��
þdBMB

s cos fB(H)� fH
� ��

= dA þ dB
� �

:
(2)

For fitting experimental hysteresis loops, MagSAF allows importing
M(H) data that has already been corrected for dia- or paramagnetic
background signals and normalized to the magnetic volume. Refer
to our GitHub documentation for more details.46 After loading
experimental hysteresis loops into MagSAF, they can be fitted by
minimizing the figure of merit (FOM), which is defined as

FOM ¼ 1
N

X
j

ΔHj

ΔHmax
� 1�Msim

j

Mexp
j

�����
�����, (3)

where
P

j sums over all data points, N is the total number of data
points, ΔHj is equal to jH j�1 � Hjj þ jHj �H jþ1j, and ΔHmax is
the largest ΔHj of the whole hysteresis loop. This first part elimi-
nates over-weighting of specific field ranges where the field step
size might be smaller (e.g., around zero field).

For the magnetic hysteresis fitting procedure, starting guesses
and fit boundaries are used for the fit parameters. Because of this,
if the starting guesses are completely off, it is possible that the
fitting procedure will fail to produce a good result. In other words,
if you imagine the multidimensional landscape of starting guesses
vs the FOM of the result of the fitting procedure, it is possible that
the starting guesses given by the user lie within a local minimum
rather than a global one. Therefore, to ensure that the starting
guesses lead to the best possible fit result (i.e., the smallest FOM),
MagSAF first uses the global minimizer function scipy.
optimize.differential_evolution to check that the
starting guesses are close to the global minimum. Although it
might seem counterintuitive, the starting guesses are not arbitrary
because of this, but they influence the search region of the global
minimizer. Hence, they should still be approximated as good as
possible (e.g., by manually changing the parameters iteratively and
simulating the hysteresis loop) before starting the fitting procedure.
Finally, the best result of the global minimizer is then used as a
new starting guess for a subsequent local minimizer scipy.
optimize.minimize(method=L-BFGS-B), which is con-
strained by the user-defined parameter boundaries. This is essentially
the same as the scipy.optimize.differential_
evolution (polish = True) option but instead we decided
to run the scipy.optimize.minimize(method=L-
BFGS-B) function separately to have more flexibility regarding its
options. Note that we use the Newton-CG method, and not the
L-BFGS-B method, to find the local minimum in the energy land-
scape G(fA, fB) only because we found it to deliver better results
for that particular problem via trial and error. Determining which
optimizer is better suited for which problem is a research field in
itself,49 which is beyond the scope of this work.

III. EXPERIMENTAL METHODS

Two SAF systems were fabricated by sputter deposition using
the Bestec P450 system: Symmetric sub/CoFeB(5)/Ru(dRu)/CoFeB
(5)/Si3N4(3) (SYM1-7) and asymmetric sub/Ta(2)/Ru(2)/CoFeB
(19)/Ru(0.55)/CoFeB(6)/Si3N4(3) (ASYM) SAFs (with CoFeB
¼ Co40Fe40B20) (Table I). All samples were deposited on single-
crystalline Y-cut LiNbO3 substrates. For the symmetric SAF series
SYM1-7, the Ru thickness was varied between 0.40 and 0.85 nm.
The Si3N4(3) capping layer protects the SAFs from oxidation. All
metal layers were sputter-deposited at room temperature with a DC
power supply at an Ar sputter pressure of 3.5 μbar and the Si3N4

layer with an RF power supply at 1:5 μbar with deposition rates of
Ta 0.33 Å/s, CoFeB 0.2 Å/s, Ru 0.1 Å/s, and Si3N4 0.08 Å/s. The
deposition rates were determined by a calibrated quartz oscillator

TABLE I. Sample name definitions with nominal thicknesses in nanometers. As
substrate (sub) Y-cut LiNbO3 was used. See Table S1 in the supplementary material
for the table of the full series.

Sample Layer stack

SYM2 sub/CoFeB(5)/Ru(0.5)/CoFeB(5)/Si3N4(3)
ASYM sub/Ta(2)/Ru(2)/CoFeB(19)/Ru(0.55)/CoFeB(6)/Si3N4(3)

FIG. 2. Illustration of an energy landscape G(fA, fB) zoomed in around a
schematic saddle point. In this scenario, the starting guesses of the macrospin
angles (cross) for the local minimizer lie on top of a saddle point. The
scipy.optimize.minimize function would get stuck here. As a work-
around, MagSAF checks surrounding positions (displayed here with numbers in
ascending order) until the local minimizer is able to get off the saddle point (or
maximum).
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before deposition. The deposition was carried out at an oblique
angle of approximately 20� toward the substrate surface normal,
and the target–substrate distance was approximately 20 cm. For
film thickness homogeneity, the substrate holder was rotated at 30
rounds per minute during deposition.

As expected, x-ray diffraction 2θ=ω scans confirmed that the
CoFeB layers are amorphous (see the supplementary material). The
ASYM sample was deposited one year prior to sample series
SYM1-7, and the sputter targets were changed in the meantime.
For ASYM, the CoFeB target was purchased from HMW Hauner
with a purity of Fe 99.995%, Co 99.99%, and B 99.4%, and the Ru
target was purchased from g-materials with a purity of 99.98%. For
SYM1-7, the CoFeB target was also purchased from HMW Hauner
with a purity of Fe 99.99%, Co 99.99%, and B 99.5% and the Ru
target was purchased from Evochem Advanced Materials with a
purity of 99.90%.

The magnetic hysteresis loops were measured using a super-
conducting quantum interference device–vibrating sample magne-
tometer (SQUID-VSM). Before measuring the samples, a
3� 4mm2 center piece of the original 4� 5mm2 samples was cut
out with a wafer dicing saw to remove any magnetic material that
was deposited on the substrate’s sides during deposition. This was
necessary specifically for the correct extraction of the saturation
magnetization and in-plane uniaxial magnetic anisotropy.50 Every
sample was measured along two in-plane directions: the ip 0�

direction is the crystallographic Z ([001] or [0001]) direction, and
the ip 90� direction is the crystallographic X ([110] or [1120])
direction of the Y-cut LiNbO3 substrate.

51

IV. RESULTS AND DISCUSSION

A. Thin symmetric SAFs

First, the samples of the symmetric SAF thickness series are
used to test our macrospin-based magnetic hysteresis fit software
MagSAF. Additionally, the discrete energy model is utilized to

compare our fitting results with its more advanced sublayer
approach that takes spin twisting over the FM thickness into
account. Note that the symmetric SAF samples should only differ
in their bilinear and biquadratic IEC strength. The fitting procedure
for both models is explained in more detail in the supplementary
material.

In Fig. 3(a), the normalized experimental magnetic hysteresis
loops of the SYM sample series are shown. Here, the change in
saturation field Hs, which is directly proportional to the IEC
strengths via

μ0Hs ¼ (Jbl þ 2 Jbq)|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Jeff

1
dAMA

s
þ 1
dBMB

s

� 	
(4)

within the macrospin model,19,20,54 with the spacer layer thickness
is already clearly visible. Note that Eq. (4) assumes that the
in-plane anisotropy is zero. In Figs. 3(b) and 3(c), experimental
magnetic hysteresis loops and their fits are shown for dRu
¼ 0:50 nm along the two in-plane directions ip 0� and ip 90�. The
insets around zero field in Figs. 3(b) and 3(c) show that the SAF
possesses an in-plane uniaxial magnetic anisotropy with an easy
axis (EA) along the ip 90� direction and that the SAF is slightly
asymmetric. This has been found to be the case for all fabricated
SAFs. The uniaxial magnetic anisotropy field strength is in the
range of 1.10–3.29 mT and the (dAMA

s � dBMB
s )=(d

AMA
s þdBMB

s )
asymmetry is in the range of 5.0%–7.4% for all symmetric SAF
samples.

Let us first look into these two observations before we discuss
the bilinear and biquadratic IEC strengths. The unexpected uniaxial
magnetic anisotropy is often reported for sputter-deposited FM
materials; however, its origin remains unclear. It is reported that
stray fields from the magnetrons inside the sputter chamber could
be the source,55–57 which seems unlikely in our case as the sample
holder was rotating during deposition and the target–substrate

FIG. 3. (a) Experimental magnetic hysteresis loops of LiNbO3=CoFeB(5)=Ru(dRu)=CoFeB(5)=Si3N4(3) (thicknesses in nm) for various Ru thicknesses (0.4–0.85 nm) mea-
sured along the ip 0� direction, showing the evolution of saturation field with spacer thickness. Experimental data and model fits for dRu ¼ 0:5 nm along (b) ip 90� and (c)
ip 0� orientations, with insets showing M(H) dependence around the zero external magnetic field.
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distance is roughly 20 cm. Since all samples have a size of either
2:1� 3:1mm2 or 2:8� 3:8mm2, shape anisotropy is also negligi-
ble with respect to an in-plane anisotropy. Finally, there are also
reports of this unexpected uniaxial magnetic anisotropy for sputter-
deposited FM materials on LiNbO3 substrates.

38,58–61 However, it is
partly ignored or referred to as having a magnetoelastic origin due
to the anisotropic thermal expansion coefficient of LiNbO3 sub-
strates. In that case, the EA direction would depend on the anisot-
ropy of the thermal expansion coefficients of the substrate and the
sign of the magnetoelastic coupling constant of the magnetic mate-
rial. The sign of the magnetoelastic coupling of polycrystalline Fe
and Ni is reported to be the same,62 leading to the same in-plane
easy axis on the same substrate, if the magnetoelastic coupling
were the origin of the anisotropy. However, Ito et al.59 report a
hard axis along the X direction for polycrystalline Fe, while con-
trary to that, Yamaguchi et al.60 found the easy axis along X for a
Ni thin film. In both reports, the films were sputter-deposited at
room temperature on 128� Y-cut LiNbO3. Another report finds
the in-plane hard axis of Co40Fe40B20 on 128� Y-cut LiNbO3 to
lie along X,58 while we instead find the easy axis along X for our
Co40Fe40B20=Ru= Co40Fe40B20 SAFs on Y-cut LiNbO3. For some
ferromagnetic materials deposited on semiconductors like GaAs,
it is proposed that the in-plane uniaxial magnetic anisotropy can
be explained via a bond-orientational anisotropy.63–66 This could
be an alternative origin for the observed uniaxial magnetic
anisotropy.

Another question is where does the difference in the magnetic
moment of the layers come from? Even though both CoFeB layers
were deposited with the same sputter power and deposition time, the
remanence magnetization is not zero [see Fig. 3(b)], hence suggesting
an asymmetry of dAMA

s = dBMB
s . We assume that the saturation

magnetizations are equal in both layers but that the LiNbO3 substrate
introduces a magnetic dead layer (MDL) in the bottom CoFeB layer,
effectively reducing the magnetically active layer thickness. For all
samples, one layer seems to be around 0:5 nm thinner than the
other. For CoFeB on SiO2, an MDL of 0:7 nm has been reported,67

so an MDL of around 0:5 nm on LiNbO3 seems to be a reasonable
assumption. Additionally, resputtering effects from the Ru deposition
could also reduce the thickness of the bottom CoFeB layer.

Now, let us look into the bilinear and biquadratic IEC
strengths. All CoFeB(5)/Ru(dRu)/CoFeB(5) SAF samples have been
fitted with our MagSAF software as well as with the discrete energy
model. An example is presented in Figs. 3(b) and 3(c). The fits of
both models match the experimental data exceptionally well. With
the current version of the discrete energy model, it is not possible
to simulate full hysteresis loops. Because of this, its fit starts at a
low field value and finishes at saturation. Contrary to that, MagSAF
is capable of simulating full magnetic hysteresis loops and, despite
its simple nature, it describes the reversal behavior of this SAF
remarkably well. The fits of both models for all samples and details
about the fitting procedure are given in the supplementary
material. From those fits, the bilinear and biquadratic IEC strengths
are obtained for all samples (see Fig. 4). For the bilinear IEC
strength, we see the expected oscillating behavior with a maximum
antiferromagnetic coupling at dRu � 0:40 nm, ferromagnetic cou-
pling for dRu ¼ 0:75 nm, and again antiferromagnetic coupling
starting at dRu ¼ 0:85 nm. The bilinear coupling strength cannot be

obtained for the sample with ferromagnetic coupling since the
magnetic moments of both layers reverse together as one layer
independent of the coupling strength. This uncertainty in the bilin-
ear coupling strength is indicated by an error bar without a data
point for the SYM sample with dRu = 0.75 nm in Fig. 4. However, if
the layers would have different (non-zero) in-plane magnetic
anisotropies, then the ferromagnetic coupling strength will affect
the M(H) loop. Since we assume that only the bottom CoFeB layer
possesses an in-plane anisotropy, it is possible to fit the magnetic
hysteresis loop with MagSAF but the values for the bilinear cou-
pling are arbitrary. Because of this, the biquadratic coupling can
also not be determined. The sample with the thickest Ru spacer
layer with 0:85 nm possesses such a small antiferromagnetic cou-
pling strength that fitting its magnetic hysteresis loop with the
discrete energy model was not possible. The strongest antiferro-
magnetic bilinear coupling of Jbl ¼ �0:768mJ=m2 is in the
range of literature values of �0:41mJ=m2 & J lit:bl & �1:68mJ=m2

for similar SAFs.26,28,39 Our biquadratic coupling values are also
similar to literature values.26,28 One reason for the wide spread in J lit:bl
could be the roughness-induced Néel “orange-peel” coupling, which
favors ferromagnetic alignment for in-plane magnetized films.17 If
this is present, it reduces the total antiferromagnetic coupling
strength. Besides the interface roughness and film morphology, the
sputter target material quality can also influence the achievable cou-
pling strengths.

However, most importantly, as revealed in Fig. 4, the bilinear
and biquadratic coupling strengths obtained from the macrospin-
based MagSAF software are almost identical to the ones obtained
from the discrete energy model. Only for the sample with
dRu ¼ 0:4 nm, a more notable difference between the two models
becomes apparent. This can be explained by the stronger total

FIG. 4. Bilinear Jbl and biquadratic Jbq coupling strengths obtained from the
macrospin model with our MagSAF software as well as from the discrete energy
model for the CoFeB(5)=Ru(dRu)=CoFeB(5) thickness series. The sample with
dRu ¼ 0:75 nm is coupled ferromagnetically (Jbl . 0) and its coupling strengths
cannot be obtained with either of the models. For dRu ¼ 0:85 nm, the coupling
strength is too low to fit the magnetic hysteresis loop with the discrete energy
model in its current state.
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IEC leading to a more pronounced twisting of the spins over
the FM layer thickness. In general, this twisting effect
becomes more apparent for thicker ferromagnetic layers, higher sat-
uration magnetizations, lower exchange stiffnesses, and stronger
bilinear and biquadratic coupling. Apparently, the twisting effect
becomes relevant for jJeff j * 1:7mJ=m2 when dA ¼ dB � 5 nm,

MA
s ¼ MB

s � 1200 kA=m, and Aex � 15�20 pJ=m. For weaker IEC,
we see that the bilinear and biquadratic coupling strengths can be
reliably extracted with the macrospin-based MagSAF software.

B. Thick asymmetric SAF

To further investigate the spin twisting effect with FM layer
thickness, we investigated the asymmetric SAF sample (ASYM)
with the nominal layer stack of sub/Ta(2)/Ru(2)/CoFeB(19)/Ru
(0.55)/CoFeB(6)/Si3N4(3). An x-ray reflectivity measurement
revealed that the CoFeB thicknesses deviate slightly with
dA ¼ 18:08 nm and dB ¼ 5:74 nm (see the supplementary
material). Because of this, the thicknesses were set to dA ¼ 18:0 nm
and dB ¼ 5:75 nm to be a multiplicate of the CoFeB lattice spacing
a ¼ 0:25 nm,52,53 which is required for the discrete energy model.
In Fig. 5(a), the magnetic hysteresis loop along the ip 0� direction
and its fits with the macrospin and discrete energy model are
shown. Even though the macrospin fit is overall good, it fails to
correctly describe the magnetic behavior close to saturation. This is
a characteristic feature indicating significant twisting of the
spins over the thickness of the relatively thick CoFeB(18) layer.
Figure 5(b) shows the layer-resolved angles of the magnetic
moments for both models, which are the backbones of the simu-
lated magnetic hysteresis loops. For the discrete energy model, the
average of the sublayer angles is shown. We can see satisfactory
agreement between the two models up to roughly 200mT after
which the macrospin model starts to saturate too early. In Fig. 5(c),
we plot the angle difference Δf between the sublayer spin angle at
the Ru interface and the one on the opposite side for each ferro-
magnetic layer for the discrete energy model. In the thin layer B
with dB ¼ 5:75 nm, the twisting is almost negligible with the
highest angle difference of 4:7�, while the thicker layer A with
dA ¼ 18:0 nm has a more pronounced twisting effect with a
maximum angle difference of 13:2�. This makes it impossible for
the macrospin model to perfectly describe the magnetic reversal
behavior. It also manifests itself in a larger difference in the fitted
IEC strengths between the two models (see Table II). Note that the
magnetic hysteresis loop was additionally measured along the ip
90� direction and that both measurements were fitted in parallel.
While the bilinear coupling Jbl values are very close to each other,
it is a considerable amount higher (�40%) than any of the SYM
samples. The ASYM SAF was fabricated and measured one year
before the others, and for its fabrication, other CoFeB and Ru
sputter targets were used (see Sec. III). Either differences in the

FIG. 5. (a) Magnetic hysteresis loop of sample ASYM and its fits with the mac-
rospin and discrete energy model. The layer-resolved (average) angles of the
magnetic moments, which are the backbone of the simulations, are shown in (b)
for the macrospin and discrete energy model. The discrete energy model takes
spin twisting over the ferromagnetic film thickness into account. (c) Angular dif-
ference Δf between interface and surface spins in each FM layer, demonstrat-
ing significant spin twisting in the 18 nm thick layer A (up to 13:2�) vs minimal
twisting in the 5:75 nm thin layer B (max 4:7�).

TABLE II. Extracted sample parameters for samples SYM2 and ASYM. The Ms values were obtained from SQUID-VSM measurements and were set constant during the fits.
For the discrete energy fits, the thicknesses dA and dB were chosen based on the requirement of being multiplicates of the lattice spacing a = 0.25 nm.52,53 The standard error
in the Jbl and Jbq values obtained from the discrete energy model was <0.005 mJ/m2.

Sample Model
dA

(nm)
dRu
(nm)

dB

(nm)
Ms

(kA/m)
Jbl

(mJ/m2)
Jbq

(mJ/m2)
Aex

(pJ/m)
fB
ani

(deg)
μ0H

B
ani

(mT)

SYM2 Macrospin 5.32 0.50 4.68 1179.6 −0.729 −0.142 +∞ 90 1.66
SYM2 Discrete energy 5.25 0.50 4.75 1179.6 −0.740 −0.120 20.4 ± 1.3
ASYM Macrospin 18.00 0.55 5.75 1251.1 −1.045 −0.174 +∞ 90 1.54
ASYM Discrete energy 18.00 0.55 5.75 1251.1 −1.062 −0.088 17.9 ± 0.4
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sputter target quality or roughness-induced Néel coupling could be
an explanation for this difference in the Jbl coupling strength. XRR
measurements support the latter of the two possibilities (see the
supplementary material). Besides that, the two models yield quite
different biquadratic coupling values of Jbq ¼ �0:174mJ=m2 (mac-
rospin) vs Jbq ¼ �0:088mJ/m2 and Aex ¼ 17:9 pJ=m (discrete
energy). In the discrete energy model, Jbq and Aex are strongly cor-
related: increasing Jbq or decreasing Aex enhances the curvature of
M(H).40 By contrast, the macrospin model assumes an infinite Aex

so the fit inevitably overestimates Jbq to compensate for the missing
Aex contribution to the curvature. However, with broader fit
boundaries for the exchange stiffness (5 � Aex � 50 pJ=m instead
of 8 � Aex � 23 pJ=m), fit results closer to the macrospin model
have been obtained with Jbq ¼ �0:129mJ=m2 and
Aex ¼ 24:9 pJ=m. Since the biquadratic coupling and exchange stiff-
ness are correlated parameters in the discrete energy model, the
exact deviation from the macrospin model is difficult to quantify.

V. CONCLUSIONS

The macrospin-based software MagSAF was introduced and
tested on a CoFeB(5)/Ru(dRu)/CoFeB(5) SAF thickness series with
0:40 nm � dRu � 0:85 nm by fitting their magnetic hysteresis loops
and comparing the result with the discrete energy model from
Wadge et al.40 For most of our samples, we found excellent agree-
ment between the extracted bilinear and biquadratic coupling
strengths from the two models. This suggests that MagSAF is at
least suitable for extracting the bilinear and biquadratic IEC
strengths for synthetic antiferromagnets with dA,B & 5 nm,
Ms & 1200 kA=m, jJeff j & 1:0mJ=m2, and Aex * 15�20 pJ=m. For
our thinnest Ru thickness of dRu ¼ 0:4 nm, the expected increase in
biquadratic coupling lead to a huge increase in Jeff , which resulted
in a moderate difference between the macrospin and discrete
energy model due to the spin twisting over the ferromagnetic layer
thickness. Additionally, we investigated an asymmetric CoFeB
(18.0)/Ru(0.55)/CoFeB(5.75) SAF. We found that the more pro-
nounced spin twisting effect in the relatively thick CoFeB(18) layer
led to a larger deviation in the extracted biquadratic coupling
values between the two models, which demonstrates the limitations
of the macrospin model.

The simple nature of the macrospin model allows the spin
rotation during a magnetic hysteresis loop to be understood easily
and quickly. Its low computational cost and the possibility to simu-
late and fit the complete magnetic reversal behavior are additional
advantages. All of this is combined in our open-source software
MagSAF, which gives researchers the opportunity to quickly extract
the bilinear and biquadratic interlayer exchange coupling strengths,
any in-plane uniaxial magnetic anisotropies as well as any asymme-
try in the thickness or saturation magnetization of the two ferro-
magnetic layers.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed description of
the fitting procedures of both models (macrospin and discrete
energy), insight into some fit results of the macrospin model, infor-
mation on how to determine the quality of the fitted Jbl and Jbq
parameters, the extracted coupling strengths for all samples, x-ray

reflectivity measurements for all samples, and 2θ=ω x-ray diffrac-
tion measurements of a blank Y-cut LiNbO3 subtrate as well as
samples ASYM and SYM7.
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