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Glancing-angle deposition of magnetic in-plane exchange springs

Andreas Frisk ,1,† Barat Achinuq,2,† David G. Newman ,3 Maciej Dąbrowski ,3 Robert J. Hicken,3
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Magnetic exchange springs (ESs) are composed of exchange-coupled hard and soft magnetic layers,
i.e., layers with high and low anisotropy, respectively. The moments in the soft layer can be wound up by
applying an external field, which has to be smaller than the anisotropy field of the hard layer. Alternatively,
an ES can be realized by biasing the soft magnetic layer by two adjacent hard magnetic layers with different
magnetic anisotropy directions. We have fabricated an ES layer stack by magnetron sputter deposition.
As the hard magnetic bottom layer, we used epitaxial FePt L10, and as the top layer Co with both layers
having different in-plane easy axes. These hard layers pin the moments of a soft permalloy (Ni81Fe19) layer
sandwiched between them, winding up an ES at remanence. The anisotropy of the polycrystalline top Co
layer was engineered by glancing-angle deposition to have in-plane easy axis anisotropy perpendicular to
the easy direction of the bottom layer. Using soft x-ray spectroscopy and magneto-optical measurements,
we found the in-plane ES to extend from the soft layer into the top layer of our FePt/permalloy/Co trilayer
structure.

DOI: 10.1103/PhysRevApplied.20.044027

I. INTRODUCTION

Magnetic exchange spring (ES) materials are composed
of exchange-coupled hard and soft magnetic layers, and
were developed in an attempt to create permanent mag-
nets with higher maximum energy products (BH)max of
the magnetic induction intensity B and the magnetic field
intensity H [1]. Since their initial proposal, other advan-
tages and possible applications beyond permanent magnets
have emerged, such as magnetic memories, for which the
combination of high coercivities and low switching fields
are ideal for low-power devices. In particular, by using
microwave-assisted switching of the hard layer via the
excitation of spin waves in the soft layer [2,3], ES sys-
tems are attractive for, e.g., microwave-assisted magnetic
recording (MAMR) devices [4,5].
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While for winding up an exchange spring, the applica-
tion of an external field is commonly required, we show
here that it is possible to wind up an exchange spring at
remanence by sandwiching a soft layer between two hard
layers with different in-plane easy axes (which should ide-
ally be separated by 90◦). To achieve different anisotropies
in a magnetic heterostructure, we control the magnetic
anisotropy directions of the two hard layers by two dif-
ferent mechanisms. While the bottom layer is epitaxially
grown, and its magnetic anisotropy thus controlled by its
crystalline orientation, the magnetic anisotropy of the top
layer is controlled by imprinting the anisotropy axis using
glancing angle deposition (GLAD) [6,7]. The ability of
GLAD to control the magnetic anisotropy direction of a
thin film is an established technique [7–9], whereby the
magnetic easy axis can be tuned to be perpendicular to the
imprinting axis [8,9].

II. EXPERIMENTAL DETAILS

A. Basic zero-field exchange spring concept and
anisotropy engineering

The basic concept of an exchange spring system is illus-
trated in Fig. 1. Let us start with a two-layer system, with
one of the ferromagnetic layers being a hard layer with
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(a) (b) (c) (d) (e)

FIG. 1. Illustration of magnetic exchange springs in bi- and trilayer systems, composed of magnet hard (red) and soft layers (blue).
(a) When a hard and a soft layer are combined at zero field, the soft layer magnetization will follow that of the hard layer (b). (c)
By applying a field, the soft layer magnetization further away from the interface will align with the field, while the magnetization
close to the interface remains pinned, setting up an exchange spring. (d) Alternatively, the need for an applied field can be overcome
by adding a second hard layer (green), with an anisotropy axis perpendicular to that of the first layer, which sets up the spring at
remanence (e).

large magnetic anisotropy and the other a soft layer with
low anisotropy [Fig. 1(a)]. When they are brought into con-
tact, the soft layer magnetization reorients in the direction
of the hard layer [Fig. 1(b)]. If such a system undergoes
a magnetization reversal, the soft layer starts switching
as soon as the field is applied, leading to a continuous
rotation of the soft layer magnetization from the pinned
direction at the interface with the exchange-coupled hard
layer, to the field direction at the top, setting up an ES [Fig.
1(c)]. In order to achieve an ES at remanence, a second
hard layer can be added, whose hard axis is perpendic-
ular to that of the first hard layer [Fig. 1(d)]. Through
exchange coupling at the respective interfaces, an ES is
set up in the soft layer at remanence [Fig. 1(e)]. In order
to achieve this behavior, the anisotropy of the two hard
layers has to be controlled. One solution is to make layers
that are governed by different anisotropy mechanisms, e.g.,
controlling the first layer via substrate constraints and the
second via anisotropy engineering. In the GLAD process,
several parameters affect the anisotropy of a film, such as
thickness, glancing angle, and substrate effects [7], and our
goal in this work has been to imprint the anisotropy and
stabilize a 90◦ spring at remanence.

B. Sample growth

The heterostructures were grown in a home-built mag-
netron sputter deposition system (base pressure < 3 ×
10−8 mbar), capable of glancing angle deposition (which
is described in detail in Ref. [7]).

The angles relevant for the GLAD growth are α, the
incident deposition angle onto the sample, and β, the

in-plane direction of deposition and thus the axis of
imprinted anisotropy (see Fig. 2, top left for side and top
views illustrating α and β, respectively). Both α and β

can be controlled via the polar and azimuthal substrate
rotations, respectively.

The FePt/Py/Co trilayers (Py = Ni81Fe19) were grown
on MgO(110) substrates, as illustrated in Fig. 2, using
99.999% pure Ar as the sputtering gas at a pressure
of approximately 2 × 10−3 mbar. The MgO(110) sub-
strates were annealed in the growth chamber at 650 ◦C
for 3 h. While keeping the substrate at 650 ◦C (all tem-
peratures are thermocouple readings), Fe and Pt were
co-deposited with individual deposition rates giving a
nominal composition of FePt and a total deposition rate
of 0.3 Å/s (100 Å nominal thickness). This layer was
deposited at normal incidence for co-sputtering condi-
tions, resulting in epitaxial growth of FePt(110) [10].
Subsequently, the temperature was decreased to 150 ◦C
and a Py layer was deposited at normal incidence. A
slightly higher deposition rate of 0.62 Å/s was used for
the Py layer (50 Å nominal thickness), with intention
to induce disorder. Note that with increasing deposition
rate, the adatom mobility is reduced, leading to disor-
der [11]. Next, while keeping the temperature at 150 ◦C,
a Co layer was deposited under GLAD conditions with
αCo = 80◦ and βCo = 0◦. The aim was to induce a hard
axis along the β = 0◦ direction. An effective deposition
rate of 0.13 Å/s was used, which corresponds to a nor-
mal incidence deposition rate of 0.35 Å/s (300 Å nominal
thickness). Finally, the trilayer was capped with a thin
Pt layer (30 Å nominal thickness) to protect it against
oxidation.
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FIG. 2. Illustration of the thin-film stack. Starting with the
MgO(110) substrate, an epitaxial L10 FePt layer is grown on top,
which has an easy axis of magnetization as indicated. The fol-
lowing Py layer should ideally be polycrystalline and exhibit low
magnetic anisotropy (soft layer). Finally, a Co layer is deposited
as the second hard magnetic layer. By using GLAD at an in-plane
angle of β = 0◦ and an incident deposition angle of α = 80◦, the
easy axis should ideally be in-plane and perpendicular to the easy
axis of the FePt layer. Both deposition angles are illustrated in the
side and top views on the left-hand side. The whole structure is
capped with Pt to prevent from oxidation.

C. Sample characterization

1. XRR and XRD

A Rigaku Smart Lab X-ray diffractometer was used
to measure X-ray reflectivity (XRR) and various types
of x-ray diffraction (XRD) patterns using Cu Kα radia-
tion. Out-of-plane ω-2θ as well as in-plane φ-2θχ diffrac-
tograms were recorded. Also, in-plane φ scans were car-
ried out to confirm the epitaxial relationship between the
FePt L10 layer and the MgO(110) substrate. XRR scans
were measured to determine the layer thicknesses, densi-
ties, and roughnesses, obtained by fitting the data using
GenX [12].

2. TEM

For TEM imaging, cross-section samples were prepared
by focused ion beam (FIB) milling using a JEOL JIB-
4700F multibeam system. Before the FIB process, the
samples were ex situ sputter coated with a Au layer to
reduce possible charging effects and to protect the surface
from ion beam damage. Before starting the milling proce-
dure in the FIB, an approximately 300-nm-thick sacrificial

Pt layer was deposited using the electron beam to pro-
tect the film from Ga ion implantation, followed by an
approximately 3-µm-thick Pt layer using the Ga beam to
further protect the surface from any implantation and dam-
age during the FIB process. TEM images of the samples
were recorded using a JEOL JEM-2100 TEM operating at
200 keV.

3. MOKE

A NanoMOKE3 from Durham Magneto Optics was
used to record in-plane hysteresis loops via the longitu-
dinal magneto-optical Kerr effect (LMOKE). The loops
were measured at different in-plane angles ϕH in the range
from 0◦ to 360◦. The MOKE system uses a 660-nm wave-
length laser with an incident angle of 30◦ from the sur-
face normal, which gives a penetration depth less than
approximately 300 Å, i.e., only the thicker Co top layer
(nominal thickness 300 Å + 30 Å Pt cap) contributes to
the MOKE signal. Note that the instrument software per-
forms preprocessing of the data by subtracting a linear
background.

4. VSM

In-plane hysteresis loops were measured at different in-
plane angles ϕH in the range between 0◦ to 360◦ using
room-temperature vibrating sample magnetometry (VSM).
The MicroSense VSM system is capable of bias fields
of up to 1.8 T. The samples were mounted on a quartz
rod, which can be rotated to cover the full φH range. The
data points were usually averaged 5 times to improve the
signal-to-noise ratio.

5. XMCD

X-ray magnetic circular dichroism (XMCD) experi-
ments were carried out at beamline I10 at the Diamond
Light Source, UK, and at beamline 6.3.1 at the Advanced
Light Source, USA. Element-resolved magnetization loops
were recorded by measuring the intensity difference of the
right- and left-circularly polarized light at the L3 edge of
Fe, Co, and Ni in varying applied magnetic field. The
absorption was measured simultaneously by total electron
yield (TEY) detection, and, in transmission, by lumines-
cence yield (LY) detection. TEY has a probing depth of
3–5 nm [13]. On the other hand, LY mode probes the entire
stack of the heterostructure. In LY, the transmitted x rays
that are not absorbed in the sample stack give rise to x-ray-
excited optical luminescence in the MgO substrate. The
emitted optical photons exit through a hole in the back of
the sample holder and are detected by a photodiode [14].
The x rays were incident on the sample at an angle of 30◦
from the sample surface, giving sensitivity to the in-plane
magnetization component. The intensity of the XMCD
spectra in LY mode, together with the magnetization mea-
sured with VSM, was used to scale the respective Fe, Co,
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and Ni loops to allow for their comparison. Both types of
measurements were done at selected in-plane angles ϕH .

D. Micromagnetic simulations

The micromagnetic behavior of the thin-film structures
was simulated using the Ubermag simulation package [15–
17]. For the simulations, we took the exchange interaction,
the exchange energy for each of the interfaces and the
respective uniaxial and cubic anisotropies of the films into
account. For details, please consult the Ubermag documen-
tation [18]. The heterostructure was modeled by a slab
measuring 1000 × 1000 Å2 in area, using a discretiza-
tion cell size of 40 × 40 × 5 Å3, and the individual layer
thicknesses obtained from XRR fits. The FePt and Co lay-
ers were assumed to have uniaxial anisotropy with the
anisotropy axes pointing along the (in-plane) FePt [001]
direction and perpendicular to it (also in-plane), respec-
tively. The Py layer was assumed to have cubic anisotropy,
with the easy axes pointing along the FePt [001] and
[100] directions. Note that Py is growing epitaxially on
FePt, sharing the crystallographic orientations with the
FePt layer. Further, demagnetization (with demagnetiza-
tion field Hd) was taken into account. The total energy
was minimized for varying applied field values and in-
plane angles to obtain the hysteresis loop. At each field
point, the average magnetization in each layer was calcu-
lated, revealing layer-resolved and element-resolved loops
in addition to the averaged behavior for the entire stack.
This allows for the direct comparison with the measured
data obtained with the different experimental methods. The
values for the saturation magnetization M FePt

S (1.01 × 106

A/m), M Py
S (4.42 × 105 A/m), M Co

S (1.41 × 106 A/m), the
anisotropy constants KFePt

U (1 × 106 J/m3), KPy
C (−1 ×

103 J/m3), KCo
U (4 × 104 J/m3), and the exchange energy

constants AFePt (1.0 × 10−12 J/m), APy (1.0 × 10−11 J/m),
and ACo (3.1 × 10−11 J/m) were obtained by manually fit-
ting the simulated loops to the corresponding measured
loops. Note that the anisotropy axis of FePt is along the
[001] direction (i.e., in plane) and that of Co 90◦ perpen-
dicular to it (also in plane). For Py, a weak cubic anisotropy
was assumed [19] (axes parallel to FePt [001] and [100]),
which is reasonable given that Py is growing epitaxially on
FePt and shares the crystallographic orientations. Finally,
the evolution of the spin structure throughout the thick-
ness of the system was obtained by plotting the direction of
the magnetic moments lying along the (in-plane) symmetry
axis.

III. RESULTS AND DISCUSSION

A. Structure

The layer thicknesses were confirmed by XRR (Fig. 3),
giving the following thicknesses (uncertainties): dFePt =
118(4), dPy = 57(23), dCo = 285(25), and dPt = 24(6) Å,

FIG. 3. XRR of the sample, revealing a high roughness.
The solid lines are fits to the data using GenX [12]. From
the XRR, the thickness of the sample was determined to be
FePt(118)/Py(57)/Co(285)/Pt(24) (thicknesses in Å).

agreeing reasonably well with the target thicknesses of
100, 50, 300, and 30 Å, respectively. The corresponding
interfacial roughnesses (uncertainties) were determined to
be σFePt = 17(3), σPy = 19(4), σCo = 28(10), and σPt =
28(2) Å, respectively. The FePt layer has a sizeable rough-
ness, governing the roughnesses of the subsequent layers
as well. Moreover, the roughness of the Co layer is further
increased due to the GLAD deposition process.

In- and out-of-plane XRD measurements (Figs. 4 and 5)
confirm the epitaxial growth of FePt(110) on MgO(110)
with the epitaxial relationship FePt[001](110) ‖
MgO[001](110). The reflections of FePt(001), (110), and
(101) are visible, which confirms the successful growth
of the chemically ordered L10 phase [10] with the c axis
([001] direction) in plane. We further find the FePt(202)
reflection to be split [see Fig. 5(b)], which could be
due to twinning or due to the presence of both the L10
and A1 phase. The long-range order parameter S110 =√

(I 110
exp /I 220

exp )/(I 110
theo/I 220

theo), where I hkl
theo = |Fhkl|2Ahkl LPhkl,

with Fhkl the structure factor, Ahkl is the absorption fac-
tor, and LPhkl is the Lorentz polarization factor [20], was
calculated to S110 = 0.17. This rather low value (a fully
ordered system would have S = 1) shows that the chemical
order of the tetragonal L10 phase is incomplete. Previous
reports found that FePt deposited on a Pt or Au seed layer
on MgO(110) also grow in the L10 structure with its c
axis oriented in plane [10,21–25], however, the c axis was
reported to be canted out of the film plane when deposited
directly on MgO(110) [26,27].

The correlation length ξ (calculated using the Scher-
rer equation [28] with a prefactor of 1) of the FePt(220)
reflection of ξ ≈ 126 Å is larger than the layer thickness,
indicating a good layer quality. Further, the XRD data
shows that the Py layer is growing epitaxially on FePt
with the (220) reflection visible, and also having a correla-
tion length larger than the layer thickness of approximately
50 Å. The three reflections, which can be attributed to Co,
are the hexagonal (0002) reflection, as well as the (111)
and (222) reflections of fcc Co (or possibly CoPt).
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FIG. 4. Out-of-plane ω-2θ XRD scan of the sample with
Cu Kα radiation.

The quality of the interfaces, and the structural effects
of the GLAD process on the morphology of the Co film
were further investigated using TEM. Figure 6(a) shows
a bright-field TEM image of the interfaces. The FePt
interfaces with MgO and Py can be clearly distinguished.
Whereas the interface between FePt and Py is abrupt, the
interface with MgO appears distorted. The Co layer shows
the anticipated columnar growth, with an inclination angle
resulting from the GLAD process of roughly 70◦. This is in
good agreement with the value expected from the tangent
rule, tan(αCo) ≈ 2 tan(γ ) [29], of γ = 71◦ for αCo = 80◦
used in the GLAD deposition. Figure 6(b) shows a high-
resolution TEM image of the metallic layers, revealing
epitaxial growth of the FePt and Py layers with a large
density of stacking faults, which extend from the MgO
substrate all the way into the Co layer. The fact that the
MgO surface appears rough and that the stacking faults
can be traced back to the oxygen-deficient areas of the
substrate means that the high-temperature substrate prepa-
ration is their most likely cause. Figure 6(c) shows the
diffractogram obtained from (b), revealing that the FePt
and Py layers are highly epitaxial, consistent with the
XRD measurements. Note that as the TEM images were
taken looking down the [101] zone axis, no further insight
could be gained with regards to whether the splitting of the
FePt(202) reflection in XRD [Fig. 5(b)] is due to twinning
or due to the presence of both the L10 and A1 phase.

B. Magnetization

The magnetization of the FePt/Py/Co layer stack was
investigated using a set of complementary tools, each giv-
ing insight into specific aspects of the magnetic behavior.
For example, while VSM magnetometry probes the mag-
netic response of all layers combined, MOKE with its
limited penetration depth of <300 Å only probes the top
layer (here Co), while XMCD in LY mode probes element-
selectively the various layers of the stack. Note that, as Fe
is present in both the FePt and Py layers, the XMCD signal

will show a combined response of these two layers, while
the Ni and Co signals are specific to the Py and Co layers,
respectively.

The bottom hard magnetic FePt layer, with its dominat-
ing, chemically disordered L10 phase, shows a strong mag-
netic anisotropy with the easy axis along the in-plane [001]
direction. We refer to this direction as φH = 0◦. Figure 7
shows the (in-plane) angular dependence of the normal-
ized remanent magnetization, MR/MS, obtained from VSM
loops of a (single) FePt reference layer on MgO(110). Note
that this FePt layer has been grown using the same growth
parameters as for the FePt in the layer stack investigated in
this study.

The Py layer was grown at a high deposition rate, which
usually induces disorder and thus results in a low magne-
tocrystalline anisotropy. However, from the out-of-plane
and in-plane XRD spectra in Figs. 4 and 5, respectively,
it is clear that the Py layer in our case is also epitaxial.
Given its comparably small thickness, this layer could not
be selectively investigated with either VSM magnetometry
or MOKE. Instead, we studied its behavior via element-
selective XMCD measurements on the Ni edge, as shown
below.

Finally, the Co layer was deposited using the GLAD
process with the intention to achieve a magnetocrystalline
easy axis 90◦ away from the easy axis of the lower hard
magnetic FePt layer (ϕFePt

EA = 0◦). To determine the easy

(a)

(b)

FIG. 5. In-plane φ-2θχ scans with Cu Kα radiation and with
(a) φ = 0 parallel to the 〈001〉 and (b) 〈101〉 direction of the MgO
substrate, respectively. Note that high and medium resolution
was used for the top and bottom scans, respectively.
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(a) (b) (c)

FIG. 6. (a) Bright-field TEM image of the heterostructure, showing an overview of the interfaces. The Co layer, grown via the GLAD
process, shows a columnar structure with an inclination angle of approximately 70◦. (b) High-resolution TEM image of the MgO/FePt-
Py-Co interface regions, showing a high density of stacking faults along the 〈111〉 crystalline axis, originating at the FePt/MgO
interface and propagating through the subsequent Py and Co layers. (c) Diffractogram [of (b)] showing that the FePt and Py layers
are highly epitaxial, following the relationship Py[001](110) ‖ FePt[001](110) ‖ MgO[001](110), and with a high density of stacking
faults.

axis of the Co layer, we carried out MOKE measurements
of the final layer stack. Given the wavelength and angle of
incidence used in the setup, a penetration depth of approxi-
mately 300 Å was estimated, which means that the MOKE
signal is overwhelmingly due to the upper parts of the Co
layer, not affected by the layers and interfaces below. Hys-
teresis loops were measured at multiple in-plane angles ϕH
and the remanent magnetization MR was extracted from
the loops recorded at each in-plane angle to produce the

FIG. 7. Anisotropy plot of the normalized remanent VSM
magnetization, MR/MS , for a FePt reference film on MgO(110).
The in-plane angle ϕH is defined relative to the [001] direction
of MgO (and FePt). The easy-axis direction, ϕEA, obtained from
the fit (red curve) to the data is along 0◦ and shows twofold
symmetry.

anisotropy plot as shown in Fig. 8. The fit with a model
for twofold anisotropy, MR/MS = A| sin(ϕH + ϕHA)| + B,
where A, B, and ϕHA are fitting parameters, is shown
in red. The fit reveals the easy axis of magnetization at
ϕEA = 169◦ and the hard axis at ϕHA+90◦ = 79◦, i.e., ϕEA =
ϕHA + 90◦. The direction of the easy axis (169◦) clearly
deviates from the intended 90◦ orientation, which should
be achieved with a deposition angle of β = 0◦, i.e., the
imprinting is imperfect.

FIG. 8. Anisotropy plot of the normalized remanent MOKE
magnetization, MR/MS , for the film stack on MgO(110). MOKE
is predominantly probing the in-plane anisotropy of the top Co
layer, showing a twofold symmetric easy axis oriented along
ϕEA = 169◦.

044027-6



GLANCING-ANGLE DEPOSITION OF MAGNETIC. . . PHYS. REV. APPLIED 20, 044027 (2023)

(a)

(b)

(c)

(d)

FIG. 9. Elemental XMCD hysteresis loops for (a) Fe, (b) Co,
and (c) Ni with the field applied in the ϕH = 60◦ direction
(dashed orange line). The results of the micromagnetic simula-
tions are represented by dashed lines (blue diamonds). (d) Plots
of the hysteresis loop representative of the behavior of the film
stack as a whole, obtained by VSM (green line) and micromag-
netic simulations (blue circles). For comparison, the combined
XMCD signal is shown as well (dashed orange line), which was
obtained by adding the three elemental loops, weighted by their
XMCD intensities and volumes.

Owing to this imperfect imprinting of the Co anisotropy,
it was not possible to form a measurable ES at remanence.
Instead, by applying an in-plane field (here at an angle of

(a)

(b)

(c)

FIG. 10. Simulated magnetic depth profile in zero field (fol-
lowing a hysteresis loop with the field applied in the ϕH = 60◦
direction seen in Fig. 9). (a) FePt/Py/Co layer structure. (b)
Depth dependence of the components of the magnetization vec-
tor. (c) Plot of the in-plane direction ϕM as a function of depth.
The opening angle ϕo is defined as the difference between the two
extremal ϕM angles. It is ϕo ≈ 105◦ in this case.

φH = 60◦), the FePt and Co moments are pulled apart since
the uniaxial anisotropy fields of the two layers have quite
different magnitude. In order to gain insight into the mag-
netization distribution across the layers, element-selective
XMCD was carried out at φH = 60◦ as shown in Fig. 9
[dashed orange lines for (a) Fe, (b) Co, and (c) Ni]. The
XMCD loops for Fe, Co, and Ni are different, while the
Co and Ni loops exhibit a distinct square shape. The reader
is reminded that the Fe XMCD signal represents a mixed
contribution of the FePt and Py layers, while the Ni and Co
signals are uniquely revealing the behavior of the Py and
Co layers, respectively.

The respective panels in Fig. 9 also show the results
of the micromagnetic simulations (blue diamonds) of the
hysteresis loops for each layer (where the Fe layer data rep-
resents the weighted summation of the FePt and Py layer
results). Taking a closer look at the shape of the loops,
a two-stage behavior is apparent whereby the first is a
steplike transition, followed by a more tail-like transition.
This behavior suggests that there are two separate parts
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FIG. 11. Simulated magnetic depth profile at decreasing field values, starting at +2000 mT and reaching −2000 mT. The field was
applied in the ϕH = 60◦ direction.

of the layer stack which are switching at different applied
fields. In common exchange springs, a plateau between the
steps is a characteristic feature associated with the forma-
tion of an exchange spring [30,31]. In general, in an ES,
the soft layer starts to wind at Hex, and the magnetization
of the hard layer reverses at Hirr. In other words, below
Hirr, the winding force is large enough to flip the rest of
the film and the magnetization is irreversibly switched.
Here, the behavior is different in that the first switching
field is reached via a step (switching of the soft layer),
followed by a continuously changing tail (hard layer fol-
lowing). Note that in order to achieve a hysteresis loop
with coercivities corresponding to the measurements the
uniaxial anisotropy of FePt and Co had to be 15% and 10%
of the common literature values [19], respectively. This is
not unreasonable since the long-range order parameter S110
for FePt with a value of 0.17 is fairly small (compared
to, e.g., 0.81 for an molecular beam epitaxy grown FePt
film [22]). In other words, disorder could be the reason for
the decrease in anisotropy energy. Disorder could also be
the reason for the reduced exchange coupling constant of
FePt (10% of the common literature values). One way to
increase the coercivity of the film is growth at much higher
temperatures, further stabilized by postgrowth annealing
[32]. Since the Co layer is likely also disordered, the

same argument motivating these smaller values could
also apply.

In Fig. 9(d), a comparison with the VSM data for the
layer stack as a whole is shown. The intensity of the
XMCD spectra, together with the magnetization measured
with VSM, was used to scale the respective Fe, Co, and
Ni loops, giving the total XMCD curve, which agrees rea-
sonably well with the VSM data, as well as with the micro-
magnetic simulation results. Figure 10 shows the zero-field
magnetic depth profiles corresponding to the simulated
results shown in Fig. 9. As can be seen in the simulated
magnetic depth profiles, a magnetic ES can be induced at
zero field.

The magnetic depth profiles were also simulated at other
field points in the hysteresis loop (see Fig. 9) with the field
ranging from +2 to −2 T (applied along ϕH = 60◦), as
shown in Fig. 11. They show that an ES is present for all
fields, with varying in-plane opening angle ϕo (defined as
the difference between the extremal FePt and Co angles).
From 2 T down to zero field, the opening angle of the
spring increases from ϕo ≈ 30◦ to 105◦ at zero field [see
Fig. 10(c)]. The Co layer makes an abrupt 90◦ switch to
align with the applied field between −0.05 and −0.1 T (as
can be seen in the orange my component changing from
its full value to almost zero), accompanied by a switching
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of the direction of the spring. From −0.1 to −0.6 T, the
winding in the Co layer decreases while the winding of
the FePt layer increases, whereas ϕo remains unchanged.
This behavior corresponds to the long tail observed in
Fig. 9. Between −0.6 and −0.8 T, the FePt layer makes
a 180◦ switch to align with its easy axis direction, which
means that it is still not aligned with the applied field. This
behavior is similar to the jump in the Co layer (−0.05 and
−0.1 T) and can be seen in the mx component inverting
sign, again accompanied by a switching of the direction
of the spring. Finally, a further increase of the (nega-
tive) field rotates the FePt moments to the direction of
the applied field until ϕo ≈ 30◦ at 2 T (ultimately reach-
ing 0◦ at very high fields). To summarize the simulations,
it appears that there is always an ES set up between the
Co and FePt layers. The experimental observed two-stage
switching behavior, i.e., a step and a long tail, corresponds
to the switching of the Co and the winding of the FePt,
respectively. Before the Co layer switches, varying the
field changes the in-plane direction ϕo, while it remains
constant after Co switched, now transferring the winding
from the Co to the Pt layer.

In contrast to the intended materials design specifica-
tions [as illustrated in Fig. 1(e)], the ES is not confined
to the Py layer, but all three layers, including the FePt
layer, are wound to some degree. Nevertheless, such ES
structures are very promising from the point of view of
optical and microwave-induced control of the magnetiza-
tion [33]. Also, this behavior bears some resemblance with
the behavior of continuously graded magnetic multilayer
systems [34], i.e., systems which have an engineered com-
positional depth profile. This distributed interface between
the hard and soft layers has been shown to be advantageous
for the exchange spring behavior [35,36]. As mentioned
above, one way to improve the response of the system
is to increase the magnetocrystalline anisotropy of the
FePt by high-temperature growth and postannealing [32].
This way, the ES would not extend into the FePt layer.
Next, the growth of the Py should be optimized, yielding
a more disordered film with very low magnetocrystalline
anisotropy. Note that since the FePt and Py layers were not
exhibiting the desired properties, a thicker Co layer was
required to achieve overall ES behavior. This increase in
thickness resulted in its easy axis moving away from the
GLAD-imprinted 90◦ orientation.

IV. CONCLUSION

In conclusion, an exchange spring system in zero
applied field has been realized, while a larger winding
angle can be obtained through the application of a mag-
netic field. As the hard magnetic bottom and top lay-
ers, magnetron-sputtered FePt and Co films, respectively,
were used which exhibit different in-plane anisotropies.
Whereas the anisotropy of the FePt layer was governed by

epitaxy, the Co layer was engineered using GLAD. How-
ever, while the goal was to wind up the moments in the
intermediate Py layer only, due to its epitaxial growth and
resulting loss in anisotropy in the Co layer, the ES extended
across all three layers. While this behavior is not ideal, our
work nevertheless demonstrates the basic concept of using
GLAD to engineer the anisotropy of one of the hard mag-
netic layers, making the heterostructure very promising for
optical and microwave-induced control of magnetization.
Future work will be dedicated to improving on the layer
properties within the heterostructure.
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