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ABSTRACT
In this study, we have investigated amorphous 20-nm-thick Tb/Fe80Co20 multilayer samples with different individual layer thicknesses and
their corresponding alloy counterpart. In particular, the structural and magnetic properties were analyzed upon post-annealing. Up to a
certain critical thickness of the individual layers in the multilayer, no significant difference between the multilayers and the alloy is observed
in their as-deposited states, which indicates the importance of interfacial intermixing. With a further increase in thicknesses of the individual
layers, regions with significant larger Tb content emerge, resulting in a reduced effective Tb moment. The loss in perpendicular magnetic
anisotropy upon annealing seems to be delayed for multilayers with thin individual layers compared to the alloy sample. We contribute
this behavior to the underlying anisotropic short-range order enforced by the multilayer structure, which hinders the structural relaxation
process. At higher temperatures, the multilayers strongly intermix and Fe and Co diffuse through the capping layer. This process leads to a
strong enhancement of the saturation magnetization at a certain annealing temperature, due to the formation of separated FeCo and Tb-rich
TbFeCo alloy layers, until the sample gets oxidized.

© 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/10.1063/5.0055817

I. INTRODUCTION

Ferrimagnetic (FI) heavy rare earth (RE)-3d transition metal
(TM) alloys provide high tunability of magnetic properties, such
as saturation magnetization and perpendicular magnetic anisotropy
(PMA),1–7 and can exhibit zero magnetic moment at the compensa-
tion temperature Tcomp depending on the alloy composition. PMA
is mainly associated with a chemical short-range order,8,9 where RE-
TM atom pairs prefer an out-of-plane direction. These properties
make them a compelling material candidate for a variety of applica-
tions. For instance, the use of ferrimagnetic RE-TM systems as pin-
ning layers for soft ferromagnetic (FM) films is of high interest.10–18

In this regard, the switching behavior of the soft layer has been
intensely studied and led to the term exchange-spring magnets,10

which has further implications for spintronic devices, such as spin
valves19–24 and magnetic tunnel junctions.25 Furthermore, all-optical
switching of magnetic domains in GdFeCo thin films26 induced
by fs-laser pulses was discovered, and many intriguing works

on the ultrafast magnetization reversal in TbFe(Co) followed.27–30

In addition, ferrimagnetic RE-TM materials have been utilized in
THz technologies,31–35 allowing thermomagnetic control of spin-
tronic THz emitters.36

Moreover, many studies have also been devoted to ferrimag-
netic multilayers (MLs) because of their additional tunability of
magnetic anisotropy depending on their individual layer thick-
nesses.9,37–43 Recently, also optical switching of magnetization in a
ferrimagnetic Tb/Co multilayer was investigated with an explicit
focus on the annealing stability.44,45 In addition, by tailoring the
magnetic properties of Fe/Gd multilayers, it was demonstrated that
it is possible to stabilize various topologically protected spin objects,
such as skyrmions46 and antiskyrmions,47 solely by dipolar inter-
actions, which might be highly beneficial for skyrmionic memory
devices.48,49 However, the presented multitude of possible applica-
tions benefits or even requires thermal stability. Despite the fact
that RE-TM systems provide intriguing tunable magnetic proper-
ties, they also exhibit irreversible changes upon annealing already
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occurring at temperatures as low as 450 K in TbFeCo,50,51 which
is much lower than their crystallization temperature.1,52,53 On the
other hand, it was also reported that annealing procedures at tem-
peratures up to 500 K can be used to increase PMA in TbFeCo
films.54,55

In this study, we have investigated the influence of the multi-
layer structure of Tb/FeCo on the structural and magnetic properties
depending on the annealing temperature and compare the results
to their alloy counterparts. Having a detailed understanding of the
underlying processes upon annealing is crucial for future spintronic
devices operating at elevated temperatures.

II. EXPERIMENTAL DETAILS
Three different [Tb(tTb)/Fe80Co20(tFeCo)]N MLs were inves-

tigated with tTb = 0.40, 0.79, 1.27 nm; tFeCo = 0.37, 0.74, 1.23 nm;
and N = 26, 13, 8, respectively. The thicknesses and repetition num-
bers were chosen to replicate the corresponding composition and
thickness of a 20-nm-thick Tb28(Fe80Co20)72 alloy thin film. Note
that the provided thicknesses are nominal thicknesses. A schematic
of the ML stack and the corresponding alloy is depicted in Fig. 1.
The films were deposited at room temperature (RT) by dc mag-
netron (co-)sputtering (chamber base pressure <10−8 mbar) from
elemental targets. The sample holder rotates during the deposition
to achieve a uniform film composition. The Ar sputter pressure was
kept constant at 5 × 10−3 mbar during the deposition process. The
Tb, Fe, and Co deposition rates were 0.079, 0.060, and 0.014 nm/s,
respectively. The films were prepared on Si(100) substrates with a
100-nm-thick thermally oxidized SiOx layer. 5 nm Pt were used as
the seed layer to enhance the PMA of the ferrimagnetic films.56,57

The system was capped by 5 nm Ta or Pt to prevent oxidation.
The individual layer thicknesses were adjusted by the deposition
rate, which was controlled by a calibrated quartz balance. The com-
position and thickness of the alloy were confirmed by Rutherford
backscattering spectrometry using 2 MeV He+ ions at a scatter
angle of 170○. It is important to note that the physical properties of
TbFeCo alloys are very sensitive to small variations in composition
and deposition conditions.1,8,58 Thus, all presented samples were
prepared under the same conditions and magnetron configuration.

FIG. 1. Schematic image illustrating the layer stacking of Tb/FeCo MLs (a)
and the corresponding Tb28(Fe20Co80)72 (20 nm) alloy (b). The used individual
layer thicknesses and repetitions are tTb = 0.40, 0.79, 1.27 nm; tFeCo = 0.37, 0.74,
1.23 nm; and N = 26, 13, 8, respectively.

To investigate the thermal stability of the samples, they were
annealed in the nitrogen atmosphere at 430, 570, 640, and 720 K
using a constant heating rate of 2 K/min. After reaching the final
temperature, the heater was immediately switched off and the sam-
ple cooled down.

The integral magnetic properties of the samples were inves-
tigated by superconducting quantum interference device-vibrating
sample magnetometry (SQUID-VSM). Magnetization vs external
magnetic field (M–H) hysteresis loops were captured in out-of-
plane (oop) and in-plane (ip) geometry at RT. All samples were
measured before and after annealing. It has been shown that edge
effects can lead to artifacts in the measured M–H hysteresis loops.59

Thus, their occurrence was prevented by cutting off all edges of
the measured samples. The effective magnetic anisotropy Keff was
determined from the integrated area difference between the oop
and ip M–H hysteresis loops. In order to confirm the Tb dominant
nature of the investigated film samples, their remanent magnetiza-
tion vs temperature (MR–T) curves were measured. The samples
were saturated at RT in an oop field of +7 T, cooled down while
the field was still applied, and measured with a guiding field of
+10 mT with increasing temperatures from 40 to 340 K. Magnetic
force microscopy (MFM) was used to receive information about
the magnetic domain morphology at RT. To access the equilib-
rium domain size, the samples were first demagnetized by decaying
alternating magnetic fields.

In addition to the magnetic measurements, we have investi-
gated the structural changes using four-point resistivity measure-
ments. During these measurements, the samples were annealed in
the nitrogen atmosphere at a rate of 2 K/min up to 720 K. Cross-
sectional transmission electron microscopy (TEM) samples were
prepared by mechanical dimpling followed by ion polishing. High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging and spectrum imaging analysis based on
energy-dispersive x-ray spectroscopy (EDS) were performed at an
accelerating voltage of 200 kV on a JEOL NeoArm F200 system to
obtain the element composition and to analyze interface intermixing
upon annealing. Additional high-resolution TEM images were taken
to judge the crystallinity of the individual layers. The overall crystal
structure of the films was characterized by x-ray diffraction (XRD)
using Cu–Kα radiation. The XRD patterns were measured in the
Θ − 2Θ geometry with a 2○ tilt angle to reduce the Bragg refection
intensity of the mono-crystalline Si(100) substrate.

III. RESULTS AND DISCUSSION
A. Magnetic properties

First, we compared the magnetic properties of the prepared
MLs and the alloy thin film. All M–H hysteresis loops showed strong
PMA with an easy axis of magnetization pointing in the oop direc-
tion as will be discussed later. The obtained MR–T curves are plotted
in Fig. 2. The TbFeCo alloy exhibits a declining absolute value of
remanent magnetization (saturation magnetization) with temper-
ature, which indicates a Tb dominant system. There is no Tcomp
in the measured temperature range, but it is expected at around
450 K by extrapolation. The curves of the two MLs with thin-
ner individual layers (N = 26, 13) match the curve of the alloy very
well. The results of the alloy and the two thinner MLs are con-
sistent with studies reported in the literature for similar systems.1
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FIG. 2. Remanent magnetization MR vs temperature T curves recorded with a
guiding field of +10 mT. The curves of the two MLs with thinner individual lay-
ers (N = 26, 13) match the curve of the alloy very well and are Tb dominant over
the whole measured T range. The ML with the thickest individual layers (>1 nm)
reveals a magnetic compensation point Tcomp at 190 K. All thicknesses are given
in nm.

The ML with the thickest individual layers shows a curve similar
in shape but with a negative offset of roughly 400 kA/m. Due to
the smaller effective Tb moment, this sample is only Tb dominant
up to 190 K at which the two sub-lattices compensate each other
(Tcomp). At T > 190 K, the sample’s FeCo sub-lattice is magneti-
cally dominant. It has been shown that interlayer intermixing plays
an important role in Tb/Fe multilayers.60,61 If the individual layer
thicknesses surpass the intermixing thicknesses, the RE-TM ratio is
significantly modulated along the film normal. The threshold has
been reported to be around 1 nm.38,60 This explains the discrep-
ancy between [Tb(1.27)/Fe80Co20(1.23)]8 and the remaining sam-
ples. The effective Tb moment decreases due to the formation of
a Tb-rich alloy contribution (Tb > 30 at. %) in the ML.5,33 This
leads to a FeCo dominant sample at RT and the observed offset in
magnetization.

Figure 3 shows MFM images and corresponding M–H loops
of the investigated samples depending on the annealing temper-
ature. The MFM images in panel I were measured at RT in the
as-deposited state after demagnetization. The images shown in the
panels II and III were obtained at 570 and 720 K, respectively, fol-
lowed by demagnetization at RT. The corresponding M–H loops are
shown underneath (panels IV–VI). The domain morphology in the
equilibrium state can be used to make an assessment of changes in
the magnetic properties, as the domain size depends on the uniaxial
magnetic anisotropy Ku, saturation magnetization MS, as well as the
magnetic exchange stiffness A.62 The magnetic domain size D can be
estimated depending on the total film thickness t by

D(t) = t ⋅ exp
D0

t
, (1)

FIG. 3. In the first row of (a)–(d), MFM images are shown for three different anneal-
ing temperatures (panels I–III). The corresponding oop and ip M-H loops are
shown in panels IV–VI. The PMA of all samples decreases with annealing tem-
perature. This is evident from both the size of the magnetic domains (panels I–II)
and the M–H loops (panels IV–VI). Note that no MFM contrast could be detected
for some annealing temperatures (mainly for panels III).
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with D0 being the ratio of the domain wall and magnetostatic
energies, which is given by

D0 =
4π(AKu)

1/2

μ0M2
s

. (2)

All samples in the as-deposited state reveal square loops with
an easy axis of magnetization pointing in the oop direction (panels
IV). In addition, only the sample with the thickest individual lay-
ers [Fig. 3(d-IV)] exhibits a pronounced hysteresis in the ip loop,
indicating a more Tb-rich part (Tb > 30 at. %) of the ML with mag-
netic ip anisotropy. The Ms values of the loops are also comparable
in all four samples before annealing with values between 180 and
290 kA/m. It is important to note that a different scale of M in
Figs. 3(d-IV)–3(d-VI) is used and that the net magnetic moment in
Fig. 3(d) is FeCo dominant in contrast to the Tb dominant moments
in Figs. 3(a)–3(c), as revealed in Fig. 2. With the extracted Ku and
Ms values [Figs. 4(a)–4(d)] from the M–H loops and using an A
value of 10−12 J/m from the literature,63 we can confirm the rela-
tion between the magnetic properties and the observed domain sizes
via Eqs. (1) and (2). The estimated domain sizes are between 3 and
7 μm, which agrees well with the experimentally observed domain
structure.

Next, the samples were annealed at 570 K. While the alloy sam-
ple shows a strong loss in PMA [Fig. 3(a-V)], the MLs with the
lowest layer thicknesses still reveal an oop easy axis magnetization
[Figs. 3(b-V) and 3(c-V)]. This behavior is also reflected in the mag-
netic domain morphology presented in Figs. 3(a-II)–3(c-II). The
domain size of the alloy sample decreases significantly more than
that observed for the MLs. By inspecting the M–H loops, it is clear
that the pronounced loss in Ku is the main cause of the smaller
domains observed in the alloy sample. The decrease in domain size
is less significant for the MLs, especially for [Tb/Fe]13, due to a more
resistant PMA. In contrast, the ML with the largest layer thickness
reveals a clear ip magnetic anisotropy [Fig. 3(d-V)] with an almost
tripled Ms value. This drastic rise cannot be explained by selective
oxidation of the RE or TM layer or by an increased moment from
crystalline phases. In this state, the Tb and FeCo moments appear to
be strongly decoupled and align parallel with the applied field. Due
to the ip magnetization of the sample, no contrast can be detected
by MFM imaging, which is only sensitive to oop magnetic stray field
gradients.

Annealing at 720 K resulted for all samples in a full loss of PMA
as well as a strong decrease in Ms. These effects will be explained in
more detail in Sec. III B.

In Fig. 4, the magnetic properties depending on the annealing
temperature Tanneal are summarized. The saturation magnetization
Ms [Fig. 4(a)], the magnetic coercive field Hc [Fig. 4(b)], and the
effective magnetic anisotropy Keff [Fig. 4(c)] were extracted from
the M–H loops. Positive Keff values imply a magnetic oop easy axis,
whereas negative ones imply an ip easy axis. The uniaxial magnetic
anisotropy Ku was calculated by

Ku = Keff +
μ0

2
M2

s , (3)

with μ0
2 M2

s being the magnetic shape anisotropy.
As mentioned before, all specimens have a similar Ms before

annealing. With increasing Tanneal, Ms of the alloy and the two

FIG. 4. Saturation magnetization Ms (a), coercivity Hc (b), effective magnetic
anisotropy Keff (c), and uniaxial magnetic anisotropy Ku (d) as a function of anneal-
ing temperature Tanneal measured at RT. The ML structure delays the transition
from a magnetic oop anisotropy direction to an ip direction (dashed line in c) from
640 K (alloy) to 720 K ([Tb/FeCo]13). The magnetic properties of [Tb/FeCo]8 dif-
fer greatly due to the individual layer thicknesses surpassing the critical intermixing
thicknesses.

MLs with thinner individual layers decreases. Only at 640 K, the
alloy exhibits a peak to nearly double its initial Ms value. A simi-
lar peak can be found for the ML with the thickest individual layers
at 570 K. These peaks correspond to the only negative values of
Keff in Fig. 4(c). As described previously for [Tb/FeCo]8 annealed
at 570 K, the Tb and FeCo sub-lattices are assumed to be decou-
pled in this state that will be discussed in more detail later. The
coercivity in Fig. 4(b) generally decreases with Tanneal, while the
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coercive fields of [Tb/FeCo]26 and [Tb/FeCo]13 are more resilient
to temperature.

The effective magnetic anisotropies of the as-deposited sam-
ples displayed in Fig. 4(c) reveal a difference between the MLs and
the alloy. Different studies on similar systems9,64 have reported an
increase in Ms and Keff for Tb(tTb < 1 nm)/Fe(tFe < 1 nm) ML struc-
tures in comparison to their alloy counterparts before annealing.
The behavior of Keff in Fig. 4(c) partially resembles the coerciv-
ity in Fig. 4(b). It decreases for all specimens, while the slopes of
[Tb/FeCo]26 and [Tb/FeCo]13 are smaller than those of the rest.
The alloy and [Tb/FeCo]8 exhibit an effective ip anisotropy at 570
and 640 K, respectively, which is primarily a result of their large Ms
values and resulting shape anisotropy. At larger Tanneal, their Keff
values eventually also drop to zero. [Tb/FeCo]8 has a much smaller
Keff value than the other samples because of the previously discussed
modulated Tb:FeCo ratio with Tb-rich layer parts. Figure 4(d) dis-
plays the Ku values in dependence of the annealing temperature.
With increasing individual layer thicknesses, the loss in PMA is
delayed from 640 K of the alloy to 720 K of [Tb/FeCo]13. The layer
thickness of [Tb/FeCo]8 is above the intermixing limit, resulting in
a loss in PMA at already 420 K.

B. Structural properties
Temperature dependent resistivity measurements were per-

formed to investigate the structural changes in the alloy and MLs.
Figure 5 shows the evolution of the electric sheet resistivity σ divided
by the sheet resistivity σ0,TbFeCo of the as-deposited Tb28(Fe20Co80)72
alloy sample upon annealing at a rate of 2 K/min. To give a bet-
ter overview of the magnetic changes, exemplary M–H loops of
[Tb/FeCo]26 are displayed above the resistivity curves. The loops are
analogous to Figs. 3(b-IV)–3(b-VI). They were measured at RT, and
the annealing temperature of the samples corresponds to the tem-
perature marked with dashed lines in the diagram. The two MLs with
smaller repetition numbers behave very similar to the alloy exhibit-
ing a relative constant resistance up to 420 K. At higher tempera-
tures, all samples show an increase in resistivity with a maximum
at around 570 K, which is often associated with a structural relax-
ation of the film while still being amorphous.1,51,65,66 This loss in
chemical short-range order before crystallization is connected to the
decrease in PMA seen in the first three loops displayed above the dia-
gram and in Fig. 4(d). The drop of resistivity at temperatures larger
than 570 K is associated with the beginning of diffusion and crystal-
lization processes. All samples lose during these processes most of
their remaining PMA. At about 700 K, a sharp rise in resistivity is
observed, which can be explained by the crystallization of additional
phases, oxidation, and formation of voids and discontinuities due
to dewetting of the film. The magnetic properties drastically change
at this point, revealing, besides a loss in PMA, a reduced magne-
tization [Fig. 4(a)]. [Tb/FeCo]8 exhibits an overall smaller electrical
resistivity due to its very FeCo dominated layers with lower electrical
resistivities. The structural relaxation seems delayed in comparison
to the other films’ resistivity curves. This is typical for TbFeCo films
with a larger FeCo ratio.51 The curve is most likely a superposi-
tion of the more Tb-rich regions which might exhibit a structural
relaxation at similar temperatures as the other samples and the relax-
ation of FeCo-rich regions responsible for the larger bump at higher
temperatures. Still, [Tb/FeCo]8 lost all its PMA already at 420 K,

FIG. 5. The sheet resistivity σ divided by the sheet resistivity σ0,TbFeCo of the
Tb28(Fe20Co80)72 alloy as a function of annealing temperature T for all four sam-
ple types. Exemplary M–H loops of the [Tb/FeCo]26 ML are shown above their
annealing temperatures marked by vertical dashed lines. The two MLs with thinner
individual layers behave very similar to the alloy showing a bump at around 570 K,
a decrease afterward, and a sharp rise above 700 K due to structural relaxation,
crystallization, and dewetting, respectively. [Tb/FeCo]8 exhibits an overall smaller
resistivity and no sharp increase at 700 K.

also because of the smaller initial PMA [Fig. 4(d)]. Furthermore, the
dewetting of the film is not observable in the resistivity curve and
shifted to higher temperatures, possibly due to the FeCo-rich regions
of the film.

In order to achieve a better understanding of the structure of
the MLs and the structural modifications upon annealing, exem-
plarily, the [Tb/FeCo]8 ML was investigated by TEM in the as-
deposited state and after annealing at 640 K. Figure 6(a) shows a
STEM cross-sectional image of the [Tb/FeCo]8 sample with the sur-
face of the sample being on the left side. The two most bright layers
on the left and right sides represent the roughly 5-nm-thick Pt cover
and seed layer. The contrast in-between confirms the underlying
Tb/FeCo ML structure. The purple arrow indicates the EDS line-
scan used to generate the composition map presented in Fig. 6(b),
the x axis of which is aligned to the STEM image in (a). Overall,
the resulting stack is slightly thicker than the intended 30 nm. The
sputtered [Tb(1.27)/Fe80Co20(1.23)]8 film resulted in a modulation
of the Tb and Fe ratio with a periodicity of 2.7 nm and relatively
constant Co composition in the film. This means that the period-
icity is 0.2 nm larger as intended by the nominal thickness. The
modulation of Tb and Fe also supports the previously reported inter-
mixing lengths of around 1 nm in these kinds of films.38,60 The ML
exhibits no sign of crystalline phases and appears to be amorphous in
high-resolution TEM measurements (not shown). The modulation
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FIG. 6. STEM cross-sectional study of [Tb(1.27)/Fe80Co20(1.23)]8 in the as-
deposited state. (a) STEM cross-sectional image in the as-deposited state con-
firming the ML structure. (b) Elemental EDS scans along the line marked
in (a).

of Tb and Fe results in different compositions with Tb48Fe41Co11
and Tb26Fe62Co12 being the two extremes. This superposition of dif-
ferent compositions leads to an overall reduced Tb moment due to
the reduced magnetization observed in Tb-rich alloy layers (Tb > 30
at. %),5,33 agreeing with the experimental results. Also visible in the
diagram is an oxygen contribution in the magnetic film that prob-
ably entered during preparation of the TEM sample. The sharp rise
in oxygen on the right side arises from the SiOx substrate. Note that
the Si contribution is not displayed.

Figure 7 shows a STEM cross-sectional image (a), an EDS lines-
can (b), and an additional high-resolution TEM image (c) of the
[Tb/FeCo]8 ML after annealing at 640 K. The ML structure of the
film has fully vanished [Figs. 7(a) and 7(b)] due to intermixing pro-
cesses. Surprisingly, a nearly 20-nm-thick layer appeared on top of
the film. Figure 7(b) reveals that this new layer is primarily a mix-
ture of Fe–Co–O. Consequently, Fe and Co have diffused through
the Pt capping layer during annealing and got oxidized. The remain-
ing alloy film in between the Pt layers became Tb-rich including a
considerable amount of oxygen. While annealing induced phase sep-
aration has been observed before in these types of films,52,67 this type
of segregation was not expected.

To investigate the crystallinity of the layers, high-resolution
TEM measurements were performed and one of the resulting images
of the upper region of the film is displayed in Fig. 7(c). Both the Pt
and the Fe–Co–O layers show a variety of crystalline grains with
different orientations. The lattice plane distance of some of the
larger grains in the Fe–Co–O layer of 0.27 nm corresponds most
likely to hematite [α-Fe2O3-0.273 nm(100)].68 This observed layer
structure after annealing allows a clearer interpretation of the cor-
responding magnetic properties. As a result of strong diffusion, an
Fe–Co–O layer has formed, which is well separated from the remain-
ing Tb-rich alloy layer. This process results in a full loss in PMA
[Fig. 4(d)]. The resulting Fe–Co–O layer is expected to be mostly

FIG. 7. STEM cross-sectional study of [Tb(1.27)/Fe80Co20(1.23)]8 after annealing
at 640 K. (a) STEM cross-sectional image. (b) Elemental EDS scans along the line
marked in (a). (c) High-resolution TEM image revealing nano-crystalline phases in
the oxidized FeCo layer.

FIG. 8. XRD (Θ − 2Θ) scans of Tb28Fe58Co14(20), [Tb(0.40)/Fe80Co20(0.37)]26,
and [Tb(0.79)/Fe80Co20(0.74)]13 in the as-deposited state and after annealing at
570 and 720 K. There is no qualitative difference between the patterns of the
pristine and annealed samples.
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weakly ferromagnetic or even antiferromagnetic,69 while the fer-
rimagnetic Tb-rich alloy located in between the Pt layers exhibits
reduced magnetization. Both effects eventually result in a dras-
tic reduction in net magnetization, as observed experimentally
[Fig. 4(a)]. Due to the continuous nature of this process, it is possible
that we can obtain a state after annealing where the FeCo is already
greatly separated and decoupled from the Tb, but not yet fully oxi-
dized. Additionally, the remaining TbFeCo alloy can still contribute
a substantial magnetic moment. This causes a pronounced increase
in saturation magnetization, as observed in Fig. 4(a) at 570 K for the
[Tb/FeCo]8 ML and at 640 K for the alloy sample, respectively. Note
that this effect is also expected for the other two samples but was not
observed presumably due to the limited annealing steps.

In Fig. 8, the XRD Θ − 2Θ patterns of Tb28Fe58Co14(20),
[Tb(0.40)/Fe80Co20(0.37)]26, and [Tb(0.79)/Fe80Co20(0.74)]13 in
the as-deposited state and after annealing at 570 and 720 K are
shown. Except for the peaks of the substrate, capping, and seed
layers, no peaks of the film can be observed. This contradicts the
observations of α-FeCo(110) peaks found at annealing temperatures
higher than 650 K in other reported studies.1,51,66,70 In addition, due
to oxidation, Tb2O3 can be formed.51 We conclude that our films are
in all states amorphous or nano-crystalline, as confirmed by TEM
studies.

IV. CONCLUSION
We have investigated the magnetic and structural properties

of Tb/FeCo multilayers and the corresponding alloy depending on
annealing temperatures. First, we verified the magnetic Tb dominant
nature showing rather similar temperature dependent magnetiza-
tion curves for Tb28(Fe20Co80)72(20), [Tb(0.40)/Fe80Co20(0.37)]26,
and [Tb(0.79)/Fe80Co20(0.74)]13. [Tb(1.27)/Fe80Co20(1.23)]8 exhi-
bited a very different behavior due to the composition modulation
of the ML. Magnetic characterization revealed a decrease in perpen-
dicular magnetic anisotropy and coercivity with increasing anneal-
ing temperature. We demonstrated that the annealing stability of
TbFeCo alloys can be enhanced by the introduction of an artificial
ML structure. The loss in PMA can be delayed from 640 K for the
TbFeCo alloy to 720 K for the [Tb/FeCo]13 ML. With four-point
resistivity measurements, we linked the annealing temperature to the
structural changes consisting of structural relaxation (loss in chem-
ical short-range order), crystallization, and dewetting. Interestingly,
upon annealing at higher temperatures, Fe and Co start to diffuse
through the Pt cover layer, forming a well separated FeCo layer and
leaving behind a Tb-rich TbFeCo alloy. This process results in a
strong increase in the saturation magnetization until the sample gets
fully oxidized.

These insights provide a better understanding of the changes
in magnetic properties in Tb/FeCo multilayers depending on the
layer structure upon annealing and set limits for the thermal stabil-
ity, which will be beneficial for future high-temperature spintronic
devices based on amorphous RE-TM materials.
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