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ABSTRACT

We demonstrate the possibility to tune the saturation magnetization, coercivity, and uniaxial in-plane anisotropy constant in amorphous
bilayers and multilayers of Co85(Al70Zr30)15 and Sm11Co82Ti7 through the interface density. From magnetometry and x-ray circular dichro-
ism (XMCD) measurements, we conclude that the easy-axis coercivity μ0Hc increases four times when the number of bilayer repetitions, N ,
increases from 1 to 10 within a constant total sample thickness of 20 nm. At the same time, the anisotropy constant Ku also increases by a
factor four, whereas the saturation magnetization Ms decreases slightly. The Co spin and orbital moments, ms and ml , are found to be
approximately constant within the sample series. The average total Co moment is only 0.8–0.9 μB/atom, but the ml=ms ratio is strongly
enhanced compared to pure Co. Magnetization curves extracted from XMCD measurements show that the Co and Sm moments are ferro-
magnetically coupled for all samples.

© 2023 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/10.1063/5.0137889

I. INTRODUCTION

Magnetic thin film heterostructures, multilayers, or superlattices
are presently frequently incorporated in information storage and spin-
tronic devices.1,2 Layered structures with magnetically hard and soft
phases, where the hard phase contributes to the coercivity and the soft
phase gives high saturation magnetization, are artificial magnetic
materials with different properties compared to single-phase
materials.3–8 The magnetic properties of such soft/hard structures
depend strongly on the layer thicknesses. If the soft layers are thin
enough, typically some tens of nanometers, all magnetic moments in
the soft phase will follow the hard-phase magnetization direction
strictly, i.e., the system exhibits rigid exchange coupling across the
soft/hard interface. Above a critical soft layer thickness, the sample
will instead behave as an exchange spring system, where the soft layer
moments change their orientation reversibly in an applied field.

With amorphous layers, it is possible to achieve high unifor-
mity and well-defined interfaces without lattice strain, atomic steps,

or other types of structural defects, in combination with magnetic
properties that can be tuned to a large extent through
composition.9–11 The possible combinations of soft and hard amor-
phous magnetic materials are, therefore, almost unlimited. In
amorphous structures, it is furthermore possible to significantly
alter the microscopic magnetic properties through sample design
and growth conditions, e.g., introducing imprinted uniaxial anisot-
ropy, or a certain amount of intermixing at the interfaces.9,12–14

In the present study, we examine the magnetic properties of a
model system of rigid-exchange-coupled amorphous heterostruc-
tures, both bilayers and multilayers, with Sm11Co82Ti7 (denoted
SmCoTi) as the hard phase and Co85(Al70Zr30)15 (denoted CoAlZr)
as the soft phase.14,15 A uniaxial in-plane anisotropy has been
imprinted in the samples by applying an external magnetic field
during growth. The focus is on room-temperature magnetic prop-
erties (saturation magnetization, coercivity, anisotropy energy, and
Co magnetic moments), and how these are affected by the interface
density. Equal individual layer thickness of two phases is chosen in
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order to keep the average composition fixed within the sample
series.

II. EXPERIMENTAL DETAILS

Amorphous CoAlZr-SmCoTi multilayer samples were pre-
pared by DC magnetron co-sputtering from Sm, Co, Ti, and
Al70Zr30 targets onto 10� 10 mm2 MgO (001) substrates at room
temperature. Prior to sputtering, the vacuum chamber was evacu-
ated to a base pressure below � 10�10 Torr, and during sputtering,

the argon pressure was 2:0� 10�3 Torr. The sample holder was
rotated at 20 rpm for a homogeneous growth, with respect to both
thickness and composition. To imprint a uniaxial magnetic anisot-
ropy in the magnetic layers, an in-plane magnetic field of magni-
tude 130 mT was created using permanent magnets fixed into the
substrate holder.10,11,13

Co85(Al70Zr30)15 and Sm11Co82Ti7 were deposited in an alter-
nating multilayer structure with nominal individual layer thickness
t ¼ 10, 2, and 1 nm and the number of repetitions was correspond-
ingly N ¼ 1, 5, and 10 to achieve a similar total thickness of 20 nm
of the magnetic part of each sample. To avoid creation of crystal-
lites in the magnetic layers, all the samples had a 5 nm Al70Zr30
amorphous buffer layer on the substrate.10 A final protective cap
layer to prevent oxidation also consisted of 5 nm of amorphous
Al70Zr30 (denoted AlZr). Figure 1 shows a schematic illustration of
a sample with t ¼ 10 nm, N ¼ 1, i.e., effectively a bilayer.

To determine the layer thicknesses, densities, interface roughness,
and structural quality of the samples, x-ray reflectivity (XRR) and
grazing incidence x-ray diffraction (GIXRD) measurements were per-
formed using a Bruker D8 diffractometer with Cu Kα radiation
(λ ¼ 1:54 Å). For XRR (using θ � 2θ scans), the detector angle range
was 0:2�–6�, whereas in GIXRD measurements, the grazing incidence
angle was fixed at 1� and the 2θ range was 10�–80�.

Magnetic hysteresis loops were measured at room temperature
using two techniques: (i) Longitudinal magneto-optic Kerr effect
(L-MOKE) in a home-built setup, with a maximum field of 0.5 T
and the possibility to rotate the sample, thereby applying the mag-
netic field at different in-plane angles fm with respect to the
growth field direction (parallel to one of the sample edges as illus-
trated in Fig. 1); (ii) SQUID magnetometry (superconducting
quantum interference device, Quantum Design MPMS XL), with
the field in the fm ¼ 0� direction.

FIG. 1. Schematic representation of a [SmCoTi(10 nm)/CoAlZr(10 nm)]�1
sample grown on MgO (001). The hard magnetic phase SmCoTi is shown in
green, the soft magnetic phase CoAlZr is shown in light blue, and the AlZr
buffer and cap layers are dark blue. White arrows indicate the direction of the
in-plane magnetic field applied during growth, parallel to one substrate edge.
The in-plane measurement angle fm, used in magnetization and XMCD mea-
surements, is defined with respect to this axis.

FIG. 2. (a) GIXRD measurements on three different samples. (b) Corresponding XRR data (dots) with GenX reflectivity fits (lines). The data in both panels are offset for
clarity.
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X-ray absorption spectroscopy (XAS) and x-ray magnetic cir-
cular dichroism (XMCD) measurements were carried out at beam-
line 6.3.1 of the Advanced Light Source (ALS), Berkeley, to extract
element-specific magnetic characteristics of Co and Sm.
Luminescence yield (LY) mode was used to monitor x-ray absorp-
tion, since this mode makes it possible to probe the entire sample
thickness, contrary to the surface-sensitive total electron yield
mode more commonly used for XMCD. LY works well for films
grown on MgO substrates.16 XMCD spectra were recorded with
fixed x-ray helicity while switching the applied magnetic field
between þ0:5 and �0:5 T. The field direction was collinear with
both the sample edge defining fm ¼ 0� and with the x-ray beam,
which impinged on the sample at 60� from the surface normal.
Energy ranges were across the Co L3,2 edges (2p ! 3d transitions)
as well as the Sm M5,4 edges (3d ! 4f transitions). The 0.5 T field
along the easy axis ensured that the samples were saturated.
Measurements across the Ti L3,2 edges showed no difference
between the two field directions, i.e., the Ti atoms remain non-
magnetic. Element-specific magnetization loops were also recorded
along the easy axis for Co and Sm, with fields up to 0.5 T and the
photon energy fixed at an XMCD maximum or minimum to opti-
mize the magnetic contrast for the element of interest.17

III. STRUCTURAL PROPERTIES

The data from GIXRD and XRR, including reflectivity fits
using GenX,18 are shown in Fig. 2. In GIXRD, no Bragg peaks are
observed, which confirms that all samples are x-ray amorphous,
with only short-range atomic order. In XRR, clear Kiessig fringes
are seen up to 2θ � 4� for N ¼ 1 and N ¼ 5 samples and up to
2θ � 3� for N ¼ 10, indicating a well-defined total thickness.
Values for the individual layer thicknesses t and the
root-mean-square interface widths σ obtained from GenX fits are
given in Table I. In the fitting model, σ represents variations in the
position of the top of each layer. Therefore, a continuous but wavy
layer, with uniform t, can give a similar σ value as a rough layer
with thickness variations. We conclude from the XRR data, particu-
larly the Kiessig fringes, that the layers are continuous in all
samples, even though the N ¼ 10 sample has σ values that are
comparable to t for the magnetic layers. The buffer layer interface
width is larger for N ¼ 10 than for N ¼ 1 and N ¼ 5, and this is
at least partially propagated through the multilayer stack and con-
tributes to the slightly less well-defined total thickness. In all
samples, the t values obtained agree well with the nominal layer
thicknesses.

TABLE I. Individual layer thickness t and the corresponding interface widths σ of all layers in all three samples, extracted from the GenX18 fits of the XRR data shown in
Fig. 2. The origin of the interface widths can be both roughness and intermixing. The number densities of CoAlZr and SmCoTi are estimated, from the fits of the individual
layer, to be 0.086(1) and 0.078(1) at./Å3, respectively.

Multilayer (10-10 nm) × 1 Multilayer (2-2 nm) × 5 Multilayer (1-1 nm) × 10

Layer t (nm) σ (nm) t (nm) σ (nm) t (nm) σ (nm)

Al2O3 1.2(5) 0.6(5) 1.6(5) 0.2(5) 0.9(5) 0.6(5)
Al70Zr30 capping 4.3(5) 0.7(5) 4.7(5) 0.1(5) 4.2(5) 0.2(5)
Sm11Co82Ti7 9.8(5) 0.6(5) 1.9(5) 0.7(5) 1.0(5) 1.1(5)
Co85(Al70Zr30)15 10.3(5) 0.4(5) 2.2(5) 0.5(5) 1.0(5) 0.5(5)
Al70Zr30 buffer 5.5(5) 0.4(5) 5.2(5) 0.2(5) 4.0(5) 0.9(5)

FIG. 3. Normalized Kerr signal vs applied field for (a) multilayer (10-10 nm)�1, (b) multilayer (2-2 nm)�5, and (c) multilayer (1-1 nm)�10, measured at the corrected
in-plane angles f coming closest to 0�, 30�, 60�, and 90�, with the easy axis defined as f ¼ 0�. These were selected to show the main trends in the change of loop
shape with varying azimuthal angles.
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IV. MAGNETIC ANISOTROPY

In-plane magnetic hysteresis loops were recorded using
L-MOKE with the field applied along different azimuthal measure-
ment angles fm ¼ 0� � 360� in steps of 15�. As indicated in Fig. 1,
the angle is defined with respect to the growth field. Saturation was
not completely achieved for all angles. We, therefore, used the
assumption of approach to saturation,19 M ¼ Ms � a=H � b=H2,
and fitted for simplicity omitting the b=H2 term, which has its
origin in magnetocrystalline anisotropy, to obtain normalized mag-
netization for all angles. Selected examples of normalized loops are
shown in Fig. 3. For all samples, the growth field has imprinted an
in-plane anisotropy.

Based on the Stoner–Wohlfarth model,20 the normalized rem-
anence Mr=Ms vs fm data were then fitted by j cos (fm � α)j,
which is applicable to a magnetic material with uniaxial anisotropy.
The offset angle α, on the order of a few degrees, is introduced in
the fit due to the uncertainty inherent in the alignment of each
sample: (i) with respect to the growth field on the deposition
chamber sample holder and (ii) in the MOKE measurement.
Finally, the corrected angle f was introduced so that Mr=Ms has its
maximum value at f ¼ 0�, for all samples. The resulting data
points are shown together with the j cos (f)j fit in Fig. 4(a), verify-
ing the nearly perfect uniaxial anisotropy.

The angular dependence of the coercivity Hc(f) is shown in
Fig. 4(b). It deviates significantly from the Stoner–Wohlfarth
model and is instead fitted to a modified Kondorsky relation
obtained considering a two-phase model,21–23

μ0Hc(f) ¼ μ0Hc(0)
jcos(f)j

n sin2 (f)þ cos2 (f)
, (1)

accounting for magnetization reversal processes in multidomain

crystals. Here, n is a factor taking into account demagnetization
and uniaxial anisotropy. This relation provides reasonably good fits
for all samples, indicating that the field-induced anisotropy direc-
tion is well defined.

The saturation magnetization Ms values reported in Table II
were determined from the room temperature SQUID hysteresis
loops along the in-plane easy axis after subtraction of the diamag-
netic contribution from the MgO substrate. The saturation magne-
tization of the N ¼ 10 sample, with wider interfaces, is decreased
slightly compared to other two samples. Table II also displays the
average moment per magnetic atom, mavg, obtained from Ms

values.
For a quantitative estimate of the uniaxial magnetic anisotropy

constant Ku, we determined the saturation field Hsat by assuming a
linear slope of the M=Ms vs H hard-axis MOKE data. The exact
approach to saturation is, therefore, not included in this estimate.
Then, the approximate formula Ku ¼ (μ0HsatMs)=2 was used, and
μ0Hsat and Ku values are reported in Table II. The anisotropy cons-
tant increases considerably from the N = 1 sample to the other two.
It should be noted that the increase in the saturation field between

FIG. 4. (a) Data points showing the normalized remanence Mr=Ms vs corrected angle f for the (10-10 nm)�1, (2-2 nm)�5 and (1-1 nm)�10 multilayers, as obtained
from L-MOKE M(H) measurements recorded at every 15�. The solid line is the fit to j cosfj, where the use of corrected f values brings the easy axis to 0� for all
samples, to facilitate comparison. (b) The coercivity μ0Hc vs corrected angle f for the same samples as in (a); dotted lines representing the fits using Eq. (1). The values
of μ0Hc(0) obtained in the fits are 8, 24, and 29 mT for the N ¼ 1, 5 , and 10 samples, respectively. The corresponding values of n are 0.08, 0.08, and 0.05.

TABLE II. Saturation magnetization Ms from SQUID measurements, saturation field
μ0 Hsat from MOKE hard-axis loops, and the derived anisotropy constant Ku. The
average moment per magnetic atom, mavg, was derived from Ms and the number
densities obtained from XRR fits.

Ms μ0 Hsat Ku mavg

Sample (kA/m) (mT) (kJ/m3) (μB/atom)

N = 1 615(62) 74(9) 23(4) 0.91(9)
N = 5 630(60) 236(11) 74(8) 0.93(9)
N = 10 503(54) 375(12) 94(11) 0.74(8)
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FIG. 5. Normalized element-specific easy-axis hysteresis loops for (a) Co and (b) Sm. The loops were recorded at room temperature, at a measurement angle fm ¼ 0�.

FIG. 6. Background-corrected Co L-edge XMCD (a) and XAS (c) of the three CoAlZr/SmCoTi multilayers when saturated in the easy axis direction. Panels (b) and (d)
show the integrals of (a) and (c), respectively, which are used for extracting the Co spin and orbital moments. The notation μþ and μ� is explained in the text.
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N ¼ 5 and N ¼ 10 is partially compensated by the decrease in Ms,
when combining them into Ku.

V. MAGNETIC MOMENTS

Element-specific magnetic hysteresis loops along the growth
field direction, acquired with the photon energy set to L3 and M5

absorption edges of Co and Sm, respectively, are shown in Fig. 5.
The M(H) loops are close to rectangular, as in the MOKE data for
fm � 0�, and also confirm that the Co and Sm magnetic moments
are ferromagnetically coupled.2 The coercivity values are higher
than those seen in Fig. 3 by a consistent offset of around 20 mT,
which is most probably due to a higher remanence in the beamline
external magnet than in the L-MOKE setup, which has a Hall
probe directly monitoring the field during data collection. Another
possible contribution to the observed difference in μ0Hc(0) is that
L-MOKE and XMCD do not probe equivalent sample volumes.
However, the trends and orders of magnitude in coercivity values
are similar for both methods, and we base our analysis in the pre-
ceding section on the more precise L-MOKE field values.

Cobalt spin and orbital moments, ms and ml , were extracted
from the XMCD data using the sum rules.24–26 Figure 6(a) shows
the background-corrected XMCD signal, μþ � μ�, for all three
samples, and Fig. 6(c) shows the corresponding total x-ray absorp-
tion μþ þ μ�. The absorption coefficient is μþ(μ�) for parallel
(antiparallel) alignment of the applied magnetic field and the
photon helicity. The sum rule expressions for transition metal ms

and ml values include the number of 3d holes, nh, as a factor. We
have used the value nh ¼ 2:5(1) for Co based on the previously
well-established nh ¼ 2:49 obtained from first-principles calcula-
tions,17,26,27 and the typical range nh ¼ 2:4� 2:6 found for Co,
with only small variations due to composition, degree of disorder,
and local environment.28,29 The resulting ml and ms values are
shown in Table III together with values reported for Co in other
systems. The uncertainties given for our data include purely statisti-
cal uncertainties and the contribution from the choice of nh but
not any possible systematic errors in the experiment. The ratio
ml=ms is independent of the assumed number of holes.

We have made an attempt to calculate the Sm moment, mSm,
based on the average magnetic moment per magnetic atom, the Co
moment from XMCD, and the layer thicknesses and nominal com-
positions, reported in Tables I–III. However, the estimated

uncertainties on these Sm moments are of the same order of mag-
nitude as the values themselves. For N ¼ 1 and N ¼ 5, the derived
mSm values are positive, within the uncertainties, which is also
clearly supported by our XMCD data. Using the somewhat
decreased saturation magnetization for the N ¼ 10 sample, mSm

can still be positive, but it is considerably smaller. It should be
noted that all three samples have similar XMCD signatures for Sm,
i.e., mSm should not change sign. Previous studies of Sm–Al
compounds30–32 have indicated that the Sm moment can be
strongly affected by composition variations, and that mSm can even
be zero due to antiparallel alignment of spin and orbital moments.
It, therefore, seems quite likely that the decrease in saturation mag-
netization for N ¼ 10 is related to lower Sm moments due to the
roughness/intermixing in the interface regions.

VI. CONCLUSIONS

We have investigated the influence of interface density on the
magnetization reversal and Co moments of amorphous CoAlZr/
SmCoTi multilayers with imprinted uniaxial in-plane anisotropy. It
is found that soft and hard layers are rigidly coupled across the
interfaces and that both the coercivity and the anisotropy constant
increase significantly by a factor of approximately 4, with an
increased number of bilayer repetitions within the constant total
sample thickness. The imprinted uniaxial in-plane anisotropy is
confirmed by characteristic angular dependence of both remanence
and coercivity, which indicate a well-defined preferred direction.
Our study clearly demonstrates the possibility to tune coercivity
and anisotropy constants in amorphous Co-based hard/soft multi-
layers through the interface density, while maintaining a reasonably
high saturation magnetization. This is of interest for, e.g., magnetic
devices based on such nanostructures. The possibility to imprint a
perpendicular anisotropy axis with an out-of-plane growth field
should be explored in the future.
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