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Controlling the uniaxial magnetic anisotropy is of practical interest for a wide variety of applications. We study
Co40Fe40B20 single films grown on various crystalline orientations of LiNbO3 substrates and on oxidized silicon.
We identify the annealing conditions that are appropriate to induce or suppress in-plane uniaxial anisotropy.
Anisotropy fields can be increased by annealing up to 11 mT when using substrates with anisotropic surfaces.
They can be decreased to below 1 mT when using isotropic surfaces. In the first case, the observed increase of
the anisotropy originates from the biaxial strain in the film caused by the anisotropic thermal contraction of the
substrate when back at room temperature after strain relaxation during annealing. In the second case, anisotropy
is progressively removed by applying successive orthogonal fields that are assumed to progressively suppress
any chemical ordering within the magnetic film. The method can be applied to CoFeB/Ru/CoFeB synthetic
antiferromagnets, but the tuning of the anisotropy comes with a decrease of the interlayer exchange coupling and
a drastic change in the exchange stiffness.

DOI: 10.1103/PhysRevMaterials.7.054409

I. INTRODUCTION

Controlling the anisotropy of a given magnetic material is
very often required in applications of magnetism [1]. Amor-
phous metallic CoFeB films are widely used in spintronics,
both when very soft properties are desired such as in flux
guides [2] and, in contrast, when a well-defined uniaxial
anisotropy is wanted such as in the free layers of mag-
netoresistive field sensors [3,4]. Depending on the targeted
applications, the same material platform can even sometimes
be used with opposite requirements for anisotropy. This is
the case for artificial multiferroics composed of ferromagnetic
films and piezoelectric layers. When intended, for instance,
for energy harvesting, they require a well-defined anisotropy
[5], while for racetrack applications isotropic properties are
welcome [6]. Tailoring the uniaxial anisotropy, both inducing
and suppressing, is thus an important challenge of technolog-
ical interest.

Various knobs can be employed to tune the magnetic
anisotropy. Interface engineering can be used in ultrathin films
[7–9]. In bulk materials one can rely on either (i) some sort
of chemical ordering [10] or (ii) the induction of anisotropic
strain in magnetostrictive materials [11–13].

In the first case, one generally saturates the magnetiza-
tion using a strong magnetic field and then provides thermal
energy (hence atomic mobility) to let the structure of the ma-
terial evolve towards a new state compatible with the desired
magnetization orientation [14]. In metallic glass like CoFeB,
the anisotropy is related to some degree of alignment of the
boron atoms within the material, and this can be effectively
tuned and reoriented by in-field annealing [10]. For the same
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reason, magnetic anisotropy can already be induced during
deposition if done under an applied field [15].

The second case applies to only magnetostrictive materials.
There, if an appropriate choice of the substrate influences
the growth (e.g., epitaxy or strain relaxation), the resulting
anisotropic strain leads to magnetic anisotropy [13]. This
elastic coupling between the magnetic film and the substrate
is systematically desired in SAW-FMR devices [16–18] and
magnetoacoustics [19] when one harnesses the interaction
between a surface acoustic wave (SAW) hosted by a piezo-
electric substrate and the ferromagnetic resonance (FMR) of
the magnetic film. Note that this situation fundamentally en-
tails a dilemma when isotropic properties (meaning, often,
stress-free layers) are desired in addition to a tight elastic
coupling between the film and substrate. This dilemma is
significant in the SAW-FMR of synthetic antiferromagnets
(SAFs) since, in this case, a vanishing anisotropy is required
for resonant coupling between the SAWs and the spin waves
[20]. Unfortunately, it is difficult to obtain quasi-isotropic
SAFs, and one typically is left with uniaxial anisotropy fields
μ0Hk that remain above a couple of militeslas [21–24].

In this paper, we study how to tailor (increase or suppress)
the in-plane magnetic anisotropy of magnetostrictive layers
grown on piezoelectric substrates. We develop our method
on Co40Fe40B20 single-layer films grown on LiNbO3 single
crystals that are adequate for rf acoustical waves. We show
that our method is applicable to SAFs. This paper is organized
as follows. We initially quantify the uniaxial anisotropy in
CoFeB and show how to control it through appropriate anneal-
ing and substrate choice. The surface orientation of LiNbO3

strongly impacts how the annealing alters the anisotropy of
the magnetic material. A well-designed procedure can lead
to quasi-isotropic CoFeB layers and can be extended to
CoFeB/Ru/CoFeB SAFs. However, spin wave spectroscopy

2475-9953/2023/7(5)/054409(8) 054409-1 ©2023 American Physical Society

https://orcid.org/0000-0001-9683-9553
https://orcid.org/0000-0002-8248-6635
https://orcid.org/0000-0002-4223-8178
https://orcid.org/0000-0001-8096-3058
https://orcid.org/0000-0001-7998-0993
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.054409&domain=pdf&date_stamp=2023-05-30
https://doi.org/10.1103/PhysRevMaterials.7.054409


RAFAEL LOPES SEEGER et al. PHYSICAL REVIEW MATERIALS 7, 054409 (2023)

FIG. 1. Schematic illustration of the samples consisting of (a) a
single CoFeB layer and (b) a CoFeB/Ru/CoFeB SAF. All thick-
nesses are given in nanometers. (c) Studied substrates. The red
arrows indicate the direction of the ferroelectric order parameter (i.e.,
crystalline direction Z+

LiNbO3
) around which a bulk substrate would

exhibit rotational symmetry.

experiments show that the tailoring of the anisotropy of the
SAF comes together with an evolution of the exchange stiff-
ness and of the interlayer exchange coupling.

II. EXPERIMENTS

A. Films

Figure 1 depicts our material systems. The mag-
netic stacks are Ta(6, buffer)/CoFeB(34)/Ru(0.4)/Ta(3, cap)
(abbreviated as single CoFeB) and Ta(6, buffer)/CoFeB
(17)/Ru(0.7)/CoFeB(17)/Ru(0.4)/Ta(3, cap) (abbreviated as
CoFeB/Ru/CoFeB SAF). All thicknesses are given in
nanometers. The CoFeB layer was deposited from a
Co40Fe40B20 (at. %) target. The deposition is done at room
temperature by dc magnetron sputtering at an argon pres-
sure of 5 × 10−3 mbar and base pressure below 10−7 mbar.
No intentional magnetic field is applied during growth. The
Ru(0.4) layer is a sacrificial layer that avoids the resputtering
of the top CoFeB layer caused by energetic bombardment of
Ta atoms during sputtering of the capping layer. The thickness
of the Ru(0.7) spacer of the SAF is chosen to maximize the
interlayer exchange coupling [25].

B. Substrates

The depositions were done on several substrates ranging
from naturally oxidized silicon wafers (referred to as Si/SiOx)

to LiNbO3 single crystals with various surface orientations
(Z, Y, and Y128 cut) [26]. Since the properties of the mag-
netic materials can be impacted by the stress induced by
the underlying substrate [27], we place the substrates in two
categories. The first category includes the substrates whose
surface expands in a quasi-isotropic manner upon annealing.
For the second category the thermal expansion is anisotropic
at the surface, as illustrated in Fig. 1(c).

C. Postgrowth annealing conditions

In order to unravel the respective roles of substrate induced
applied stress, applied field, and Boron diffusion onto the
annealing-induced evolution of the magnetic properties, we
annealed our material systems using four different procedures:
(i) without any applied magnetic field, (ii) with 70 mT ap-
plied in a given direction in a one-step manner (we will see
that the field direction, i.e., along or orthogonal to the initial
anisotropy axis, does not influence the final result), (iii) with
a 70 mT field applied in two successive steps (the sample is
first annealed with a field oriented at some randomly chosen
in-plane direction and then along its orthogonal direction),
and (iv) in a 30 mT field rotating at 5 rpm in the sample plane.

The annealing temperature T ranges from 100 ◦C to
200 ◦C, above which systematic crystallization is expected for
our boron content [28–31]. The annealing time is set to 4 min
on a hot plate for procedures (i), (ii), and (iii). The annealing
in rotating field [procedure (iv)] is done in vacuum for 10 h. In
all cases the field is applied while ramping the temperature up
and down and is strong enough to saturate the magnetization.

D. Magnetic characterizations

The magnetic characterization of samples was performed
by vibrating sample magnetometry and vector network ana-
lyzer ferromagnetic resonance (VNA-FMR) [32]. An in-plane
applied field μ0Hap was used, and its direction θ [see Fig. 2(a)]
was varied to access the sample’s magnetic anisotropy. The
resonance spectra (FMR absorption signal) are obtained by
measuring the field dependence of the VNA transmission pa-
rameter ||S21(Hap)|| − ||S21(H = 0)||, as plotted in Fig. 2(b).
The resonance frequencies fres (FMR for the single CoFeB
or acoustical and optical resonances of the SAF) are defined
from the maxima of absorption.

The θ dependence of the FMR of single CoFeB films
were analyzed in the macrospin approximation using numer-
ical energy minimization and subsequent application of the
Smit-Beljers equation [33]. A fitting procedure allowed us to
extract independently the values of the uniaxial anisotropy
field Hk, the orientation of the easy axis, and the saturation
magnetization Ms. Figure 2(c) illustrates this procedure when
it is applied to a single CoFeB film grown on a Y128-cut
substrate in the as-grown state. The orientation of the easy axis
and the uniaxial character of the anisotropy are systematically
consistent with the hysteresis loops.

The θ and H dependence of the acoustical, facou, and
optical, fopt, resonances of the SAF were analyzed in the
full micromagnetic framework [34] following the method de-
scribed in Ref. [25]. There, it was shown that the competition
between the interlayer coupling J and the intralayer exchange
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FIG. 2. Schematics of the experiment and representative results
for a CoFeB single film on a Y128-cut substrate in the as-grown state.
(a) VNA-FMR is conducted in an in-plane-oriented applied field
of fixed magnitude μ0Hap = 11.6 mT and variable orientation θ ∈
[0◦, 360◦] with respect to the long axis of the sample. (b) Example of
the VNA-FMR loss spectrum ||S21(Hap)|| − ||S21(H = 0)|| and the
definition of the resonance frequency fres. (c) Symbols: experimental
θ dependence of fres. Line: fit within the macrospin model with
uniaxial anisotropy field Hk and magnetization as free parameters.
Insets: experimental hysteresis loops obtained along the easy axis
(red curve, θ ∼= 90◦) and hard xis (black curve, θ ∼= 180◦).

stiffness Aex results in the existence of a gradient of the mag-
netization orientation in the growth direction. This gradient
renders the curvature of fopt(θ ) near H = 0 very sensitive to
the ratio of Aex and J , which can thus be deduced reliably. A
fitting procedure of facou(θ ) can then be used to extract the
anisotropy fields, which are assumed to be exactly the same
for the two magnetic layers of the SAF.

III. EVOLUTION OF THE IN-PLANE MAGNETIC
ANISOTROPY UPON ANNEALING

A. Results

The main features of the evolution of the magnetic
anisotropy upon annealing are illustrated in Fig. 3 and com-
piled in Table I. An annealing temperature above 100 ◦C
appears to be necessary to observe an evolution of the mag-
netic properties. The atomic mobility within the CoFeB films
is likely insufficient below this temperature. For larger an-
nealing temperatures, the magnetic anisotropy evolves in very
different ways depending on whether the substrate has an
isotropic or anisotropic surface and also on the field applied.

When working on substrates with anisotropic surfaces
(Y-cut and Y128-cut LiNbO3), the annealing substantially in-

FIG. 3. (a) Anisotropy field Hk dependence on the annealing
temperature T as measured for single CoFeB grown on Y-cut
LiNbO3 as an example of the effect of annealing on a substrate with
an anisotropic surface. (b) Representative Hk dependence for sam-
ples subjected to various annealing procedures with T = 200 ◦C, as
measured for single CoFeB grown on Z-cut LiNbO3, a substrate with
a quasi-isotropic surface. Insets in (a) and (b) are the representative θ

dependence of fres before and after annealing. The line is a fit to the
experimental data (see discussion in the text).

creases the anisotropy [see Fig. 3(a)]. The inset compares the
angular dependence of the FMR of a CoFeB film on a Y-cut
LiNbO3 substrate before and after a 200 ◦C field-free anneal-
ing. Annealing increases the anisotropy field μ0Hk from 3.05
to 9.00 mT. This comes with a reorientation of the hard axis
towards XLiNbO3 (i.e., θ = 0◦ in our convention). The Y128-
cut samples follow a similar trend but with a lower increase
of the anisotropy. As soon as the anisotropy increases, the
hard axis also reorients towards the XLiNbO3 axis, and the easy
axis reorients towards the in-plane projection of the ZLiNbO3

axis. When working on these substrates with anisotropic
surfaces, the magnetic field applied (or not) during the an-
nealing has a minor influence on the evolution of the magnetic
anisotropy.
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Conversely, the anisotropy can be reduced for the films
grown on substrates with quasi-isotropic surfaces: Z-cut
LiNbO3 and oxidized silicon. The inset in Fig. 3(b) shows the
angular dependence of the FMR before and after a two-step
annealing procedure in the case of a Z-cut LiNbO3 sub-
strate. This two-step annealing lowers the anisotropy down
to 0.6 mT. Notably, the rate of decrease of the anisotropy
depends strongly on the field sequence used during annealing,
and the hard axis systematically ends perpendicular to the field
applied during the last annealing step.

B. Physical origins of the evolution of anisotropy

The previous results can be discussed by considering two
thermodynamic phenomena: (i) the interplay between mag-
netoelasticity and anisotropic strain and (ii) the chemical
ordering within the magnetic material. We recall that for the
annealing temperatures studied here, no crystallization of the
CoFeB layer is expected. Let us first discuss the magnetoelas-
tic scenario.

1. Magnetoelastic scenario

With annealing above Ta > 100 ◦C, the atoms within the
CoFeB film acquire some mobility, as observed in other soft
magnetic materials [10]. Being amorphous, the glassy CoFeB
film slowly flows, such that after a sufficient delay, it reaches a
relaxed (stress-free) state at the annealing temperature. Cool-
ing (defined as RT − Ta = δT < 0) to room temperature (RT)
suddenly quenches any atomic mobility while triggering a
thermal contraction. Since the CoFeB film is clamped by the
much thicker single-crystal substrate, the in-plane strain ε of
the substrate is imposed on the magnetic film. The natural con-
traction of a hypothetically freestanding CoFeB film would
be isotropic (its thermal expansion coefficient β is isotropic).
That of the LiNbO3 substrate is not: the thermal expansion
coefficient in the XLiNbO3 direction is stronger than in the other
direction of the substrate plane [27]. As a result the strain ¯̄ε
within the CoFeB at RT is biaxial and more compressive in
the XLiNbO3 direction. Defining x and y as the two directions
of the surface of the substrate with x ‖ XLiNbO3 [see Fig. 1(c)],
we have

εxx = βxδT < 0, εyy = βyδT < 0. (1)

Whatever the substrate cut, the largest deformation is always
along XLiNbO3 (see Ref. [27]). We have βx > βy for both the
Y-cut case and the Y128-cut case. As CoFeB essentially has
a free surface, its stress is purely biaxial, such that there is no
shear strain (i.e., εxy = 0).

This biaxial strain generates magnetic anisotropy of
CoFeB. Indeed, for an in-plane magnetized film, the magne-
toelastic energy is Eme = B1(m2

xεxx + m2
yεyy) + 2B2mxmyεxy,

where B1 and B2 are the usual magnetoelastic coefficients.
In amorphous materials, they reduce to − 3

2λEYoung, which
amounts to −7.6 MJ/m3 with the magnetostriction coefficient
λ = 27 ppm for Co40Fe40B20 from Ref. [35] and Young’s
modulus EYoung = 187 GPa from Ref. [36]. Note that λ > 0,
meaning tensile strain lowers the energy. With the CoFeB
film being more compressed in the X direction than in other
directions, XLiNbO3 will become the hard axis. Using the
conservation of the magnetization norm and εxy = 0, we

can rewrite this energy in the form of an effective uniaxial
anisotropy:

Eme = B1m2
x (εxx − εyy) (2)

with a magnetoelastic effective anisotropy field of

μ0Hmel
k = 2B1

Ms
(βx − βy)δT, (3)

which is predicted to be linear with the annealing temperature,
which bears some similarity to the experimental results [see
Fig. 3(a)] above Ta = 100 ◦C.

Using the data in Table II with δT = −180 K, Eq. (3) pre-
dicts μ0Hmel

k = 5.5 mT for the Y128-cut case and μ0Hmel
k =

13.7 mT for the Y-cut case, with hard axes along XLiNbO3 in
both cases. This magnetoelastic contribution dominates any
other contribution to the uniaxial anisotropy, including the one
present in the as-grown state and those possibly related to the
magnetic field applied during the annealing. This correlates
with our finding on the minor influence of the field applied
during the annealing of Y- and Y128-cut samples. Note that
the predicted values of the anisotropy field Hmel

k are slightly
larger than our experimental findings. This may indicate that
the stress release is incomplete during the annealing or that
the magnetostriction coefficient in the literature [35] is over-
estimated.

Another conclusion of our study concerns the evolution
of the magnetization Ms upon annealing (Table I). There
is little evolution for the Si/SiOx case but a substantial in-
crease otherwise. For our nominal boron concentration, bulk
crystallization and stress-induced bulk crystallization are not
supposed to occur at our annealing temperatures [37] and can
therefore not be invoked for the observed increase of the mag-
netization. However, some compression-induced diffusion of
the boron atoms out of the magnetic films may start to occur,
thereby reducing the boron concentration. The corresponding
densification is generally associated with an increase of the
magnetization [38]. We indeed observe that the increase of the
magnetization after the 200 ◦C annealings seems to correlate
with the amount of compression (see Tables I and II).

This anisotropic strain-induced scenario is effective only
for substrates with anisotropic thermal expansion like Y-cut
and Y128-cut LiNbO3. Another scenario must thus be invoked
for the Z cut of LiNbO3 and the oxidized silicon cases.

2. Chemical order scenario

In many magnetic alloys, it is routinely observed that
annealing in a magnetic field induces a preferred direction
of magnetization [7,14]. A plausible model often invoked to
explain this mechanism is the migration of atoms on a local
scale in such a way as to favor magnetization in a given
direction. At annealing temperatures leading to some atomic
mobility, some atom pairs orient themselves relative to the
direction of magnetization set by the field to decrease their
magnetic anisotropy energy. Cooling to a temperature where
atomic diffusion gets quenched, the anisotropy axis remains
along the direction it acquired during annealing. Metalloids
like boron play an important role in this process thanks to
their high mobility and chemical interaction with transition
metals [10]. In a metallic glass like CoFeB the applied field
drives the anisotropic distribution of atoms pairs among Co,
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TABLE I. Summary of the material parameters obtained from fitting of single CoFeB subjected to different thermal treatments. “Variable”
means that the value of the anisotropy field and its orientation depend on the sample position within the deposition machine; the evolution of
μ0Hk is, however, taken for a consistent sample position.

Thermal μ0Hk (mT), μ0Ms (T),
Substrate treatment ±5% Hard axis ±0.01

Substrates with quasi-isotropic surface
SiOx as grown 3.0 variable 1.70

200 ◦C, H = 0 3.1 variable 1.72
200 ◦C, rotating H 1.5 variable 1.71
200 ◦C two-step H 0.9 ⊥ to last field 1.76

Z as grown 2.2 variable 1.70
200 ◦C, H = 0 2.8 variable 1.71

200 ◦C, rotating H 2.4 variable 1.82
200 ◦C two-step H 0.6 ⊥ to last field 1.70

Substrates with an anisotropic surface
Y128 as grown 3.1 variable 1.77

200 ◦C, H = 0 4.3 ‖ XLiNbO3 1.87
Y as grown 3.0 variable 1.70

200 ◦C, H = 0 9.0 ‖ XLiNbO3 2.00
200 ◦C, rotating H 6.4 ‖ XLiNbO3 2.00
200 ◦C two-step H 11.4 ‖ XLiNbO3 2.00

Fe, and B, and this mechanism is active at the timescales used
for annealing for the temperatures considered here [10]. This
process is generally used to induce anisotropy, using a fixed
field orientation and a long annealing.

However, it is important to figure out that the material evo-
lution is a thermodynamical process. In our two-step process,
during the first annealing step, the field-induced (energy-
minimization-driven) chemical ordering process competes
with a temperature-induced (random, entropy-driven) disor-
dering trend. This competition leads to the slow formation of
uniaxial anisotropy. During the subsequent annealing step, the
magnetic field orientation is different. As a result, the entropy-
driven and energy-driven thermodynamical forces both tend to
destroy the previously favored chemical order, and therefore,
they act together to reduce the anisotropy. Because of this
coincidence of the two thermodynamical forces at play, this
destruction of the previously set anisotropy is a fast process.
The building up of any uniaxial anisotropy along a new field
direction is a much slower process. In practice, it is not seen
at the timescales used in our annealings.

This explains how one can progressively reduce the
anisotropy by applying successive orthogonal fields during
annealing when there is no magnetoelastic contribution at
play. Each annealing step with a new field direction statisti-
cally breaks pair alignments, which results in a progressive
randomization of the chemical ordering within the magnetic
film and thus a decrease of the anisotropy. The effect of
annealing under a rotating field is qualitatively similar to two-

step annealing. Note, however, that their relative efficiency
depends on the characteristic timescales of atomic diffusion
versus the field rotation period, explaining the difference
in the final anisotropy strength depending on the annealing
process.

To summarize the discussion so far, the findings presented
in Fig. 3 indicate that, with regard to the substrate, different
contributions to the uniaxial anisotropy of CoFeB may arise.
For surface substrates with anisotropic thermal expansion (Y-
cut and Y128-cut LiNbO3), the anisotropy is controlled by
anisotropic strain, while for quasi-isotropic surface substrates
(Si/SiOx and Z-cut LiNbO3), the anisotropy is controlled by
the chemical ordering favored or broken by the sequence of
applied magnetic fields.

IV. APPLICABILITY TO SYNTHETIC
ANTIFERROMAGNETS

It is important to investigate whether the conclusions pre-
viously established for single CoFeB films can be extended
to multilayers. In particular, let us see whether one can obtain
isotropic CoFeB/Ru/CoFeB SAFs when they are grown on
quasi-isotropic substrates. Figure 4 shows the results for a
SAF grown on Si/SiOx in the as-grown state and after an-
nealing in a rotating field. The two lowest-order spin wave
modes can be detected, the acoustical ( facou) and optical ( fopt)
modes. The value of facou at low field is known to be very

TABLE II. Thermal expansion coefficients in the two directions of the surface plane, in units of 10−5/◦C.

Surface β in the first direction β along a perpendicular direction

Y-cut along XLiNbO3 : β1 = 1.5 along XLiNbO3 : β3 = 0.7
Y128-cut along XLiNbO3 : β1 = 1.5 β1 sin2(128) + β3 cos2(128) = 1.2
Z-cut along XLiNbO3 : β1 = 1.5 along XLiNbO3 : β1 = 1.5
Si[001] along [100]: 0.468 along [010]: 0.468
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FIG. 4. Effect of annealing in a rotating field for
CoFeB/Ru/CoFeB SAFs grown on Si/SiOx . (a) θ dependence of
fres before and after annealing. Symbols are experimental data.
The lines show the calculated dependences from micromagnetic
simulations [34] using magnetic parameters fitted from the
broadband VNA-FMR characterization of the acoustical and optical
modes shown in (b) in the as-grown state and in (c) after annealing.
Insets show color maps of the distance between the experimental
and simulated spin wave frequencies used to determine Aex and J .

sensitive on the anisotropy field [39]. The θ dependence of
facou [Fig. 4(a)] clearly indicates that the annealing procedure
defined for the single layer films also succeeds in suppressing
the anisotropy of the SAF grown on Si/SiOx. As will be
explained later, we can give only a semiquantitative mea-
surement of the anisotropy field μ0Hk of the SAF, but its
reduction (see Table III) is almost complete. The same trend is
observed when the growth is performed on Z-cut LiNbO3; see
Table III for results in the as-grown state and after a two-step
annealing.

However, this quasisuppression of the anisotropy is accom-
panied by an evolution of the other magnetic properties. This
can be seen by comparing the frequencies of the experimen-
tal and simulated modes using the methodology defined in

TABLE III. Material parameters of the synthetic antiferromag-
net before and after annealing. The processes employed for SiOx

and ZLiNbO3 substrates are rotating field and two-step annealing,
respectively.

Substrate μ0Hk (mT) μ0Ms (T) J (mJ/m2) Aex (pJ/m)

SiOx , as grown 4.4 1.70 −1.5 14.5
SiOx , 200 ◦C 0.8 1.71 −0.9 28.3
ZLiNbO3 , as grown 3.8 1.70 −1.7 15.5
ZLiNbO3 , 200 ◦C 0.5 1.70 −1.1 21

Ref. [25]. Indeed, the value of fopt at H = 0 is essentially set
by the interlayer coupling J . Annealing obviously reduces it
[compare Figs. 4(b) and 4(c)]. In addition, the curvature of fopt

versus H is very sensitive to the ratio Aex
J : annealing obviously

strongly affects this ratio.
The values of Aex and J that best fit the experimental

data for Si/SiOx and Z-cut LiNbO3 substrates are listed in
Table III. The experiment-to-micromagnetics agreement is ex-
cellent except in the small field region for the acoustical spin
wave, where micromagnetics systematically underestimates
the frequency of the acoustical mode [Figs. 4(b) and 4(c)].
The same difficulty arises when attempting to account for
the θ dependence of facou with micromagnetic simulations, as
shown in Fig. 4(a). The reason for this disagreement was not
identified, but we believe that it may arise from a gradient of
the magnetic properties in the growth direction which is not
taken into account in the simulations. For this reason, we can
give only a semiquantitative measurement of the anisotropy
field μ0Hk. The anisotropy values in Table III are deduced
from the sole value of facou at zero field.

Upon annealing, J reduces from −1.5 to −0.9 mJ/m2, as
observed for our SAF grown on Si/SiOx. The atomic mobility
enabled by the annealing probably reduces the sharpness of
the interfaces of the Ru spacer, thereby decreasing J . The
evolution of the local order within the CoFeB material is also
evident from the evolution of its exchange stiffness Aex, which
undergoes a very substantial increase from 14.5 to 28.3 pJ/m
upon annealing. It is noteworthy that the as-grown value of
Aex is comparable to literature values in the amorphous state
for our composition, which are found to be [25,40,41] in the
range from 10 to 14 pJ/m. The exchange stiffness is also
known to increase substantially when the layer becomes either
crystalline or simply more dense [38].

V. CONCLUSION

We have studied the impact of annealing on the magnetic
properties of CoFeB films and synthetic antiferromagnets.
We studied in-plane uniaxial anisotropy in CoFeB single
films by performing various in-field thermal treatments for
films grown on different substrates. The anisotropy field of
CoFeB can be increased when the annealing is performed
on samples grown on substrates whose surfaces have an
anisotropic thermal expansion. In this case the likely scenario
is a full stress relaxation occurring during the annealing,
followed by the creation of biaxial strain in CoFeB upon
cooling, which induces a strong magnetoelastic anisotropy.
Anisotropy fields up to 11 mT can be induced when extremely
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anisotropic substrates like Y-cut LiNbO3 are used. Conversely,
the anisotropy field can be decreased to below 1 mT when
using substrates whose surface is quasi-isotropic. In this case
the anisotropy is controlled by the history of the magnetic
field applied during annealing. In particular, sequences of
orthogonal fields are very efficient in suppressing the in-
plane anisotropy. This method was applied to obtain isotropic
CoFeB/Ru/CoFeB synthetic antiferromagnets; however, the
annealing also affects the exchange interactions within the
stack.
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