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We report on the magnetization depth profile of a hybrid exchange-spring system in which a Co=Pd
multilayer with perpendicular anisotropy is coupled to a CoFeB thin film with in-plane anisotropy.
The competition between these two orthogonal anisotropies promotes a strong depth dependence of the
magnetization orientation. The angle of the magnetization vector is sensitive both to the strength of the
individual anisotropies and to the local exchange constant and is thus tunable by changing the thickness of
the CoFeB layer and by substituting Ni for Pd in one layer of the Co=Pd stack. The resulting magnetic
depth profiles are directly probed by element-specific x-ray magnetic circular dichroism of the Fe and Ni
layers located at different average depths. The experimental results are corroborated by micromagnetic
simulations.
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I. INTRODUCTION

The phenomenon of spin-transfer torque [1–3] has
brought about applications such as spin torque oscillators
[4–7] and spin-transfer torque-based magnetoresistive ran-
dom access memory (MRAM) [8,9]. These devices were
initially based on magnetic materials with in-plane mag-
netic anisotropy, which lead to unnecessarily high spin-
transfer torque-MRAM switching currents, poor memory
retention, poor scalability [10], and high-field requirements
for spin torque oscillators [11]. Spin-transfer torque devices
based on perpendicular magnetic anisotropy materials have
proven more advantageous due to low switching currents,
high switching speeds, good thermal stability, future
scalability [8,12–14], and low- to zero-field operation of
spin torque oscillators [15–19].
A natural extension of perpendicular anisotropy is

materials in which the magnetization is tilted with respect
to the surface normal. Such materials allow for addi-
tional control of the magnetization dynamics in magnetic
nanostructures [20–22] and suggest the possibility of
improved spin-transfer torque-MRAM switching behavior

and thermal stability [23–26] and spin torque oscillator
devices [20–22,26–30]. Materials with tilted magnetic
anisotropies have been realized by using collimated oblique
sputtering [31], depositing multilayers on nanospheres
[23], and exploiting crystallographic texture [32–34]. A
more versatile approach was recently reported using hybrid
exchange springs, structures that combine materials with
out-of-plane and in-plane magnetic anisotropies to enable
wide and tunable ranges of magnetization tilt angles
[35–37]. By using different layer thicknesses and coupling
strengths, the average tilt angle, and even the damping, can
be varied. However, details of the highly nonlinear mag-
netization through these structures are only indirectly
inferred [35–37]. Magnetic depth profiles of systems whose
tunability originates from indirect coupling between the
perpendicular and in-plane layers [38] are studied by soft-
x-ray resonant magnetic reflectivity [39], x-ray magnetic
circular dichroism (XMCD) [40,41], and polarized neutron
reflectometry [42,43].
In this work, we present a depth-resolved study of the

spin orientation in strongly coupled hybrid exchange
springs using XMCD. The depth resolution is obtained
by using the elemental specificity of XMCD to separately
probe both a Ni layer that was inserted at various depths in
the perpendicular stack and Fe that is found only in the
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in-plane anisotropy layer. This technique provides the
necessary experimental information to verify the depth-
dependent magnetization obtained from micromagnetic
simulations.

II. EXPERIMENT

The studied exchange springs have a top Co40Fe40B20

(CoFeB) layer with in-plane anisotropy, which is grown
onto a Co=Pd multilayer stack that has perpendicular
magnetic anisotropy. CoFeB is chosen for being magneti-
cally soft and the material of choice for exchange springs in
magnetic tunnel junctions. A Tað10 nmÞ=Pdð3 nmÞ seed
layer is used to improve the perpendicular anisotropy of the
Co=Pd [44,45]. To tune the properties of the exchange
spring, we prepare two sample types: series A has a
fixed CoFeB thickness (1.75 nm) with a Co=Ni bilayer
located at different positions (n) within the perpendicular
stack: ½Co=Pd�4−n=Co=Ni=½Co=Pd�n=CoFeBð1.75 nmÞ;
in series B, n is fixed at 2, while the CoFeB
thickness (tCoFeB) is deposited as a wedge (0.5 nm ≤
tCoFeB ≤ 1.75 nm) using oblique deposition: ½Co=Pd�2=
Co=Ni=½Co=Pd�2=CoFeBðtCoFeBÞ. A set of control samples
of the form ½Co=Pd�5=CoFeBð0.5 nmÞ and ½Co=Pd�4−n=
Co=Ni=½Co=Pd�n=CoFeBð0.5 nmÞ (n ¼ 0, 1, and 2) are
also measured. All Ni, Co, and Pd layers are 1, 0.5, and
1.8 nm thick, respectively. All samples are sputter depos-
ited at room temperature on Si=SiO2 substrates and are
protected from oxidization by a 2-nm Ta capping layer.
Magnetization measurements are made at room temper-
ature by using an alternating gradient magnetometer with
the magnetic field in the plane (Mx-vs-H loops) and
separately with the field along the surface normal
(Mz-vs-H loops).
Substituting one Ni layer for one Pd layer changes the

magnetic properties of the perpendicular stack. Figure 1
shows that this change reduces the coercive field (HC),
as expected for exchange-coupled composite structures
[46,47]. When the Ni layer is positioned deeper within

the stack, the Co=Pd is effectively separated into two parts,
resulting in a monotonic decrease of HC from the control
sample’s value of approximately 680 Oe down to approx-
imately 480 Oe. Even with this reduction in HC, a strong
perpendicular anisotropy with a well-defined square loop
and narrow switching field distribution is always observed.
The Mx-vs-H loops (not shown) reveal relatively large
saturation fields of about 1 T for all samples, demonstrating
the strong perpendicular anisotropy.
Increasing the thickness of the CoFeB layer puts the in-

plane anisotropy into competition with the perpendicular
anisotropy of the underlying stack. The Mz-vs-H and Mx-
vs-H hysteresis loops for samples with tCoFeB ¼ 0.5, 0.85,
1, 1.25, and 1.75 nm are shown in Figs. 2(a) and 2(b),
respectively. The data reveal a dramatic effect on the
magnetization reversal as tCoFeB is increased. A significant
out-of-plane remanence is retained for tCoFeB ¼ 0.5 nm,
consistent with rigid coupling of the CoFeB layer to the
perpendicular stack. However, the in-plane anisotropy of
the CoFeB layer begins to dominate as tCoFeB is increased,
reducing the remanence and increasing the saturation field
in the Mz-vs-H loops.
XMCD measurements allow us to probe with elemental

specificity the depth dependence of the magnetization
within the exchange spring. Thus, by focusing on the Fe
and Ni signals, we can selectively probe the different
regions of the heterostructure; in principle, this method is
also possible with Co, but becomes complicated because it
is present throughout the structure, and is thus not treated
here. The XMCD spectra (taken at MAX-Lab beam lines
I1011 and D1011) are taken at the L3 edges of Ni and Fe at
varying angles between the incident x ray and the remanent
sample magnetization. All samples are fully magnetized
out of plane and then measured at remanence by using the
total electron yield. The difference in absorption between
left- and right-circularly-polarized light in magnetic mate-
rials leads to an asymmetry that is proportional to the
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FIG. 1. Mz-vs-H loops for ½Co=Pd�4−n=Co=Ni=½Co=Pd�n=
CoFeBð0.5 nmÞ (n ¼ 0, 1, and 2) and Ni-free ½Co=Pd�5=
CoFeBð0.5 nmÞ hybrid exchange springs indicate robust
perpendicular anisotropy.
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FIG. 2. (a) Mz-vs-H and (b) Mx-vs-H loops from hybrid
exchange springs of the form ½Co=Pd�2=Co=Ni=½Co=Pd�2=
CoFeBðtCoFeBÞ show that in-plane anisotropy competes with
perpendicular anisotropy with increasing tCoFeB, which enables
a tunable tilt angle for the magnetization vector.
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magnetization. The asymmetry depends on the angle of
incidence, which allows the average magnetization direc-
tion of each element to be determined. The asymmetry is
proportional to the projection of the spin magnetic moment
on the direction of the incident x rays. The direction of the
average magnetic moment is thus given by the peak value;
equivalently and easier in practice, the zero crossing of the
asymmetry indicates the angle orthogonal to the average
magnetization. Figure 3 shows the Fe L3 and Ni L3

asymmetries vs the angle between the incident x rays
and the surface normal. The data are fitted by the function
cosðx − θÞSðxÞ, where x is the angle between the surface
normal and the incident light and θ is the angle of the
magnetization relative to the normal; SðxÞ corrects for
saturation effects [48]. Since the zero crossing for the Fe
asymmetry tends toward 0° with increasing n, the CoFeB
anisotropy is increasingly in plane as the Ni is placed
deeper into the stack. The zero crossing for Ni moves away
from 0° with n, thus indicating an increased perpendicular
character.
It is important to note that the XMCD asymmetry at the

L3 edge is sensitive to the magnetic dipole term and orbital
magnetic moment [49,50]. Combining the spin and
orbital moment sum rules, it is found that the asymmetry
of the L3 absorption edge in 3d transition metals is
proportional to approximately mS þmD þ 3morb, where
mS is the isotropic spin magnetic moment, mD is the
magnetic dipole term, and morb is the orbital magnetic
moment [51–53]. The dipole term can be expanded as
mD ¼ m⊥

D cosðφÞ þm∥
D sinðφÞ, where m⊥

D and m∥
D are the

out-of-plane and in-plane components of mD, respectively,

and φ is the angle of the spin magnetic moment relative to
the out-of-plane direction [54]. An identical relation can be
made for the orbital moment by using m⊥

orb and m∥
orb. To a

good approximation,m⊥
D þ 2m∥

D ¼ 0 for 3dmetals without
in-plane anisotropy [55,56], and hence knowledge of only
one component is sufficient. Theoretical calculations ofm⊥

D
for free interfaces in Fe and Ni are given by Wu and
Freeman [53], and the calculated deviation (≤3°) in the
measuredmS angle due to m⊥

D for Fe and Ni for all samples
has been accounted for. The morb for Fe and Ni interfaces
[57] are sufficiently small relative to mD that they can be
neglected. The remanent in-plane magnetization direction
is determined by additional measurements for different
azimuthal angles of the sample. Deviations between the
remanent magnetization direction and the plane studied in
the angular scans are compensated for in the derivation of
out-of-plane angles.
The XMCD results reveal a wide variation between the

magnetization tilt angles θM for Fe and Ni within the
exchange springs. Figure 4 illustrates the CoFeB thickness
and Ni depth dependences of the tilted angles in Fe (present
only in the CoFeB) and Ni (present only in one depth
location in the exchange spring). For very thin CoFeB
samples (tCoFeB < 1 nm), all layers maintain perpendicular
anisotropy due to the rigid coupling between the CoFeB
layer and the perpendicular stack. However, the stronger in-
plane anisotropy of thicker CoFeB (tCoFeB > 1 nm) causes
the magnetic moments of the Fe to tilt away from the
surface normal. For example, the magnetic moment of Fe
within the thickest CoFeB layer is tilted 73° due to the
dominant in-plane anisotropy. Analysis as a function
of Ni depth shows that the CoFeB and Ni are directly
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FIG. 3. Asymmetry of Fe L3 (left column) and Ni L3 absorption
edges (right column) as a function of angle between the incident x
rays and the surface normal. The samples belong to series A, with
a 1.75-nm CoFeB top layer and different depths of the Co=Ni
bilayer (n ¼ 0, 1, 2). The CoFeB magnetization becomes more in
plane with Co=Ni depth, while that of Ni becomes more
out of plane.
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coupled for n ¼ 0 (Ni depth ¼ 3.75 nm) and exhibit the
same angle of 43°. This coupling is modified for n ¼ 1 and
2. A deep Ni layer (n ¼ 2) aligns out of plane, with an
intermediate tilt observed for n ¼ 1. The discrepancy
between the tilt angles for Fe and Ni for n ¼ 1 and 2
indicates that the internal magnetization acquires an angle
gradient within the structure; i.e., the local magnetization
has a nontrivial depth-dependent orientation relative to the
surface normal. The n ¼ 2 sample data in Fig. 4(b) show
that the magnitude of this angle gradient is set by the
CoFeB thickness; a large dynamic range is possible.

III. MICROMAGNETICS

Micromagnetic simulations that quantitatively determine
the magnetization tilting within the various magnetic layers
are fully consistent with our XMCD results. The calcu-
lations are based on a 1D micromagnetic model [33,37] in
which the depth dependence of the magnetic configuration
is calculated by minimizing Gibb’s free energy:

G ¼ − XN1þN2þN3þN4−1

i¼1

Aex
i;iþ1

di;iþ1

cosðθiþ1 − θiÞ

þ
XN1þN2þN3þN4

i¼1

�
Ki − 1

2
μ0M2

i

�
sin2ðθiÞ

− XN1þN2þN3þN4

i¼1

μ0HMi cosðθiÞ;

taking into account the exchange, anisotropy, and Zeeman
energies. N1, N2, N3, and N4 are the number of mono-
layers which refer to ½Co=Pd�4−n, ½Co=Ni�, ½Co=Pd�n, and
CoFeB layers, respectively. The layer thickness di,
exchange stiffness between two nearest-neighbor mono-
layers Aði;iþ1Þ, anisotropy Ki, and saturation magnetization
Mi are used as material-specific input parameters; θi is the
angle between the z axis and the magnetization. The
equilibrium state is determined by optimizing the coupled
nonlinear equations with the Weierstrass-Erdmann boun-
dary conditions [58]. The [Co=Pd] multilayer is treated as a
continuous slab with Aex

i ¼ 2 pJ=m, Ki ¼ 0.15 MJ=m3,
and Mi ¼ 0.355 A=m for i ≤ N1 and N2 ≤ i ≤ N3. Mi is
directly extracted from the magnetometry of a ½Co=Pd�5
stack. The exchange stiffness for the Co=Ni layer is
estimated to be 12 pJ=m, consistent with A ∼ 10 pJ=m
for Co-based films. Following reported values [18,37] and
the layer-thickness dependence of MS and Ku commonly
seen in perpendicular anisotropy materials [59,60], we use
a saturation magnetization and an anisotropy constant
of 0.75 MA=m and 0.6 MJ=m3, respectively. Material
parameters used for the CoFeB are K ¼ 0 pJ=m, MS ¼
0.625þ 0.0875tCoFeB ðnmÞMA=m, and Aex

i ¼19 pJ=m.
Accurately modeling the thickness dependence of MS
for the CoFeB is critical because of the strong dependence

of in-plane anisotropy on CoFeB thickness. We determine
this parameter by using ferromagnetic resonance measure-
ments of individual CoFeB films; our results are in agree-
ment with prior work [61].
Figure 5 summarizes the calculated tilt angle of the

magnetization through the entire exchange spring for series
A and B. The tilt angle is engineered by placing the
Ni at different locations within the perpendicular stack
[Fig. 5(a)]. The tilt angle at the position of the Ni layer
closer to the CoFeB becomes larger: angles of 40°, 19°, and
8° are calculated for n ¼ 0, 1, and 2, respectively.
Consistent with the experimentally observed reduction in
perpendicular anisotropy as the Ni insertion layer moves
deeper into the [Co=Pd], the tilt angle of the magnetization
of the CoFeB layer progressively increases with respect to
the surface normal: angles of 44°, 63°, and 69° are
calculated for n ¼ 0, 1, and 2, respectively. Moreover, in
series B, the simulation results in Fig. 5(b) show that the
magnetization tilt angle can be tuned freely as a function of
tCoFeB, as previously noted [35,37]. Within the transition
region, 0.5 nm ≤ tCoFeB ≤ 1.75 nm, a clear tilting of θM
from 0° to 69° is found, consistent with the remanence
values. The magnetization configuration is primarily out of
plane (0°) for tCoFeB < 1 nm and gradually becomes more
in plane with increasing tCoFeB.

IV. CONCLUSIONS

In summary, the magnetization in ½Co=Pd�4−n=
Co=Ni=½Co=Pd�n=CoFeB exhibits strong tilt-angle gra-
dients, extending throughout the exchange spring. The
achievable tilt angles cover a wide range, with the top
CoFeB angle tunable from 0° to 73° by varying its thick-
ness. The magnetization profile can be further tuned by the
position of a Ni layer in the perpendicular stack, with a
deeper Ni position increasing the CoFeB tilt angle. The
experimental depth profiles of the magnetization in hybrid
exchange springs are obtained by using element-specific
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XMCD.Micromagnetic calculations corroborate our exper-
imental results and provide a detailed description of the
magnetization profile. The results presented here utilize
blanket exchange-spring films to demonstrate the ability to
accurately tune, and measure, the magnetization tilt angle
by taking advantage of competing anisotropies. Utilization
of such tilted anisotropy materials in devices such as
spin-transfer torque-MRAM and spin torque oscillators
is expected to have a significant impact on future magnetic
storage and logic technologies.
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