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Manipulation of the interlayer exchange coupling in perpendicular magnetized thin films via
tunable magnetic-layer and spacer thicknesses
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In this work, we fabricated interlayer exchange-coupled magnetic thin films with ferromagnetic layers
separated by a spacer layer. We investigated the dependencies of the sign and strength of the interlayer
exchange coupling (IEC) and magnetic configurations on both the ferromagnetic layer thicknesses and the spacer
thickness. The change of sign of the IEC between the ferromagnetic layers can occur for a thickness change of
ferromagnetic layers by as small as approximately 0.1 nm. By comparison, a minimum of approximately 0.2 nm
spacer thickness change is required for the same transformation. We attribute the ferromagnetic layer thickness
dependence of the IEC to changes in thermal magnon excitations and quantum interferences inside ferromagnetic
layers that affect interactions between the ferromagnetic layers and the spacer layer. Our experimental results
suggest that the IEC modifications via changing the magnetic-layer thickness can be more efficient for magnetic

memory and sensing applications.
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I. INTRODUCTION

The interlayer exchange-coupled magnetic thin film is
formed from multilayers where two adjacent ferromagnetic
layers are coupled through a nonmagnetic spacer layer in
between. The interlayer exchange coupling (IEC) is an in-
direct exchange interaction that originates from interactions
between localized spins in ferromagnetic layers and the itin-
erant electrons in the spacer layer [1-3]. According to the
Ruderman-Kittel-Kasuya-Yosida (RKKY) theory [1-3], this
leads to either a ferromagnetic or antiferromagnetic coupling
between the ferromagnetic layers, depending on the thickness
of the nonmagnetic spacer. Both the IEC sign and strength
have been found to have an oscillatory dependence on the
spacer thickness [4—10].

In many previous studies, the effects of the ferromagnetic-
layer properties on the IEC were generally ignored. However,
several theoretical [7,11-14] and experimental [15-21] works
suggest that the ferromagnetic-layer thicknesses and charge
carriers can affect the spin asymmetry of reflection coef-
ficients at interfaces between the ferromagnetic layers and
the nonmagnetic spacer, thus having influences on quantum
interferences in the nonmagnetic spacer layer. The effects
of ferromagnetic-layer thicknesses on the IEC have been
observed in both in-plane magnetized [16,18,20] and per-
pendicular magnetized [15,17,19,21] magnetic thin films and
superlattices. Among these are magnetic thin films with dif-
ferent ferromagnetic layers such as metallic ferromagnets
[16-20], diluted magnetic semiconductors [21], and repeating
ferromagnetic layers [15]. The spacers in these magnetic thin
films include metallic [16-18,20], semiconducting [21], and
insulating [15,19] layers. Most of these works have shown
that the ferromagnetic-layer thicknesses [16,18-20] as well
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as the temperature of film [21] can have an influence on
the IEC. Other works reported that the dipole interactions
between different layers in the repeating structure [15,17] can
also have an influence on the IEC. Moreover, ion liquid gating
processes have been used to modify magnetizations and the
IEC in magnetic thin films [9,22]. The magnetization and IEC
modifications were attributed to changes in carrier density at
the Fermi surface [9,23,24].

Numerical calculations using a free-electron model have
shown that the IEC also has an oscillatory dependence on
magnetic-layer thicknesses [7,13]. This prediction has been
experimentally demonstrated in studies of multilayers includ-
ing Co/Cu/Co [18], Fe/Cr [16], and Fe/Au/Fe [20]. It was
found that the dependence of the oscillation period on the
ferromagnetic-layer thicknesses is stronger than the depen-
dence on the spacer thickness. This suggests that it can be
more efficient for modifications of the IEC through con-
trolling ferromagnetic-layer thicknesses. However, in these
studies [16,18,20], only oscillations in the IEC strength were
reported while the IEC sign remains unchanged. Theoreti-
cally, one expects that both the IEC sign and strength can
show a dependence on magnetic-layer thicknesses. As shown
in this work, below, it is important to reduce the magnetic
anisotropy of the ferromagnetic layers in the magnetic thin
films to facilitate the observation of the sign change of the
IEC.

In previous works, in-plane magnetized interlayer
exchange-coupled magnetic thin films have been widely
studied [4-8,16,18,20]. To be applied in either magnetic
sensors or memory devices with increasing areal densities,
it is essential to reduce the negative effect of the fringing
stray field. One approach is to switch the in-plane anisotropy
to perpendicular anisotropy for the ferromagnetic layers.
The perpendicular magnetized magnetic thin films possess a
higher thermal stability and a lower writing critical current
density [25,26]. These are crucial for spintronic technologies.
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In magnetic thin films, the IEC, together with magnetic
anisotropies of the ferromagnetic layers, determines the
final magnetic configurations and their responses to external
field and spin-transfer torques [27,28]. Energy-efficient
manipulations of the IEC and magnetic configurations in
perpendicular magnetized magnetic thin films are therefore
of great significance for applications in ultrahigh-density
magnetic sensors and memory devices [26,29-32].

In this work, we show experimental results for a study
of both ferromagnetic-layer and the spacer-layer thickness
dependencies of the IEC and magnetic configurations in a
mostly perpendicular magnetized magnetic-multilayer struc-
ture. This work is complemented by characterizations of the
effects of magnetic anisotropies on magnetic configurations in
the magnetic-multilayer structure.

II. SAMPLE PREPARATION

For our study, we fabricated magnetic thin films
with both variable ferromagnetic-layer thicknesses and the
spacer layer thickness. The magnetic thin films have
the structure of Ta(4.0)/MgO(1.6)/CosoFes0Bao(tcores)/
Ta(t1)/CosoFe40B20(0.8tcores )/ MgO(1.6)/TaO,(2.0) (num-
bers are layer thicknesses in nanometers) where the ratio
of the top ferromagnetic-layer thickness to the bottom
ferromagnetic-layer thickness remains constant and equals to
0.8. The magnetic thin films were deposited on thermally
oxidized silicon wafers using a high-vacuum magnetron sput-
tering system. After deposition, we annealed samples in a
high-vacuum chamber at 210°C for 1 h with the applica-
tion of a perpendicular magnetic field of approximately 0.4 T.
In the magnetic-multilayer structure, the thinner top ferro-
magnetic layer has a perpendicular magnetic anisotropy, and
the thicker bottom ferromagnetic layer has a weak in-plane
anisotropy. Characterizations of magnetic anisotropies of fer-
romagnetic layers are shown in Sec. IV in detail. The bottom
Ta(4.0) layer is the buffer layer and the top TaO(2.0) layer
is the capping layer that prevents underlying layers from
oxidization on exposure to the atmosphere. MgO layers are
used to promote perpendicular magnetic anisotropies of adja-
cent CogoFeq9Byo layers [33,34]. To vary CospFesoByo layer
thicknesses and the Ta spacer thickness, we fabricated wedge-
shaped CoggFes9Byg layers and the Ta spacer layer along any
direction from the center of the substrate. The wedge-shaped
layers were fabricated through placing substrates with an
off-centered displacement relative to the sputter source while
depositing multilayers. We also rotated substrates with a con-
stant speed. After deposition, we patterned multilayers into
Hall bars at different positions on samples. Through applying
current along the long stripe of the Hall bar and detecting the
Hall resistance Ry where the anomalous Hall resistance that
is proportional to the perpendicular magnetization M, is dom-
inant [35,36], we can analyze magnetic configurations and the
IEC as functions of both CoggFe40Byo layer thicknesses and
the Ta spacer thickness.

III. CHARACTERIZATIONS ON FILM THICKNESSES

To determine the CosoFe40B,o layer thickness and the Ta
spacer thickness at different positions on samples, we first
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FIG. 1. (a) X-ray reflection measurements at four different posi-
tions of a Ta film that was deposited in 300.9 s. Four illumination
positions are schematically presented in the inset in (b). (b) Ta film
thicknesses and growth rates at different radial positions, obtained
from x-ray reflection measurements. Ar is the radial distance be-
tween the illumination point and the center of the silicon wafer.
(c) X-ray reflection measurements at four different positions of a
CoyoFeq9Byy film that was deposited in 291.8 s. (d) CospFeqoByp film
thicknesses and growth rates at different radial positions, obtained
from x-ray reflection measurements. Error bars were derived from
the measurements and uncertainty of illumination positions.

deposited a thicker CogoFeqoBy film and a Ta film on
thermally oxidized silicon wafers. We then measured film
thicknesses and corresponding growth rates at different
positions through high-resolution x-ray reflection (XRR)
measurements. We chose four points with different radial
distances Ar from the center of the substrate, as schemat-
ically presented in the inset in Fig. 1(b). The XRR results
for Ta and CogoFes0Byo films are respectively presented in
Figs. 1(a) and 1(c). We calculated film thicknesses through
ﬁ where A = 1.54 A is the x-ray wavelength and A6 is
the period of oscillations. The corresponding growth rate is
then given by ﬁ where ¢ is the deposition time for films.
Film thicknesses and growth rates for Ta and CogoFe40B2g
are respectively presented in Figs. 1(b) and 1(d). As shown
in Figs. 1(b) and 1(d), the growth rates for both Ta and
CoyoFeq9Byo decrease when increasing the radial distance Ar
from the center of the substrate. The Ta film thickness shows
an average 0.75% change per millimeter, and the CosoFe40B2g
film thickness shows an average 0.77% change per millimeter.
Error bars of the thickness estimation were derived from error
bars of the period of oscillations. The horizontal error bars
were derived from the uncertainty of illumination positions.
The error bars of the film thickness estimation for both Ta
and CoyoFeq9Byo are smaller than £0.25 nm. In Supple-
mental Material Note 2 [37], we show that both films have
rather smooth surfaces with the surface roughness smaller
than 0.5 nm, derived from the atomic-force microscopy mea-
surement and the fitting of XRR results. The small error
bars of the film thickness estimation together with small
values of the film surface roughness suggest that the layer
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thicknesses in the multilayer structure are well defined. We
have also performed the atomic-force microscopy measure-
ment for a multilayer sample [37]. The result again shows the
smooth surface with the surface roughness as small as 0.1 nm.
This is an indication of the high quality of the multilayer
sample with small interface roughness, which can be also
confirmed from the XRR measurement on the multilayer stack
[37]. The knowledge of film thicknesses and growth rates at
different positions on samples allows us to know exactly and
control layer thicknesses in the magnetic-multilayer structure
through controlling deposition times for different layers.

IV. MAGNETIC ANISOTROPIES OF
FERROMAGNETIC LAYERS

The magnetic configuration in the magnetic-multilayer
structure is determined by the minimization of the free energy
including the Zeeman, anisotropy, and IEC energy terms,

Eioe = — M0(0~8MS, toptCoFeBHext * Myop
+ MS, bottom tCoFeBHext : mbotlom)
- O-SKu,top[COFeB (mtop : ez)2
— Ky bottom CoFeB (mbottom : ez)2 + JIEC (ml : m2)~ (1)

In this equation, p is the vacuum permeability and H ¢y
is the external magnetic field. Mg, m, and K, are the satu-
ration magnetization, normalized magnetization vector, and
magnetic anisotropy, respectively. Subscripts “top” and “bot-
tom” refer to parameters of the top and bottom ferromagnetic
layers, respectively. e, is the normalized vector along the z
axis that is the direction normal to the layers. Here we note
that, in this free energy expression, a positive value of K, (per-
pendicular magnetic anisotropy) favors a magnetization for
the corresponding layer along the normal direction and a neg-
ative value of K|, (in-plane anisotropy) favors a magnetization
perpendicular to the normal. The fourth term on the right-hand
side is the IEC energy term. A positive IEC energy coeffi-
cient Jigc (antiferromagnetic IEC) favors an antiferromagnetic
configuration of the magnetization in the two ferromagnetic
layers while a negative Jigc (ferromagnetic IEC) favors a
ferromagnetic configuration. However, the resultant magnetic
configuration in the two layers can be noncollinear and not
necessarily parallel or antiparallel. It depends on the interplay
of different terms in the free energy consisting of magnetic
anisotropies of the two ferromagnetic layers, the IEC, as well
as the external magnetic field H ;.

In this section, we study the magnetic anisotropies of the
two ferromagnetic layers in the magnetic-multilayer structure.
For this purpose, we fabricated two structures consisting of
multilayers of Ta(tTa,lop)/C040Fe4oB20 (O.SZ‘COFeB)/MgO(l 6)/
TaO,(2.0) and MgO(1.6)/CosoFes0B2o(tfcoren )/ Ta(tTa bottom )
that have the same structure as the top and bottom ferro-
magnetic layers, respectively, in the multilayer structure that
we fabricated to study the effect of IEC. In the follow-
ing, we refer to the two structures as “the top structure”
and “the bottom structure,” respectively. The sample growth
and fabrication procedures are the same as that described in
Sec. II.

Figures 2(a) and 2(b) show the results for the Hall re-
sistance Ry versus perpendicular magnetic field H, for the
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FIG. 2. (a) Hall resistance measurement for the structure of
Ta(t1,10p)/ Cos0Fe40B2o (0.8tcoren ) /MgO(1.6)/TaO,(2.0) (top struc-
ture). The results were measured through Hall bars located
at different positions on the sample with different Ta(tr, op)
and CoyoFeq0B2(0.87cores) layer thicknesses. (b) Hall resis-
tance measurement for the structure of MgO(1.6)/CosoFeqBoo
(tcoren )/ Ta(tta potom ) (bottom structure). The results were measured
through Hall bars located at different positions on the sample with
different Ta(¢1, bottom) and CosgFesoBao(tcoren ) layer thicknesses. (c)
The magnetization measurement (red circle dots) and the Hall re-
sistance measurement (black square dots) with applications of the
in-plane magnetic field Hp and the perpendicular magnetic field
H,, respectively, for the top structure. (d) The magnetization mea-
surement with applications of the in-plane magnetic field Hpp (red
circle dots) and the perpendicular field H, (black square dots), for
the bottom structure. In (c) and (d), dots are experimental results and
lines are to guide the eye.

top structure and the bottom structure, respectively. The Hall
resistance were measured through Hall bars located at dif-
ferent positions on the two samples. Figure 2(a) shows an
almost constant value of Ry with the same sign as the ap-
plied field H, for the top structure. As the field H, switches
sign, there is also a rapid switching of the sign of the Hall
resistance. This implies that the top structure has a perpendic-
ular magnetic anisotropy leading to a saturated magnetization
lining along the direction of the external field H, with a
rapid switching around the zero magnetic field. On the other
hand, for the bottom structure, Fig. 2(b) shows a smooth
curve for the Hall resistance Ry that vanishes at zero field
and smoothly increases or decreases with the external field
H, until saturation. This indicates that the bottom structure
has an in-plane anisotropy such that the magnetization lies
in-plane at H, = 0. The magnetization gradually gets tilted
out of the plane with a finite value of H,, eventually aligning
with H, at a large magnetic field. For both structures, the
behavior of the Hall resistance versus H, changes only slightly
as the ferromagnetic-layer thickness is changed in the range
from 1.05 to 1.14 nm, measured at different positions on
samples. This implies that there are little variations in mag-
netic anisotropies of the top and bottom ferromagnetic layers
in the magnetic-multilayer structure as the ferromagnetic-
layer thickness #copep is varied in the range corresponding to
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our following studies on the influence of ferromagnetic-layer
thicknesses on the IEC. The magnetic anisotropy of ferromag-
netic layers dominantly originates from the interface between
the MgO layer and the CoggFeq0Bo layer [34,38]. The Ta
layer thickness in the range from 1.0 to 2.4 nm in our studies
therefore should have little effect on magnetic anisotropies of
the two ferromagnetic layers.

For further support of the above interpretation of the Hall
resistance results and to quantify magnetic anisotropies of
the two structures, we have measured both the in-plane and
perpendicular components of the magnetization M as func-
tions of applied perpendicular magnetic field H, and in-plane
magnetic field Hip through a vibrating-sample magnetometer.
The results for the top structure and for the bottom structure
are respectively presented in Figs. 2(c) and 2(d). The results
were all measured for samples located near the center of the
wafer. The effective magnetic anisotropy values can then be
derived through the area between curves of the magnetiza-
tion versus the perpendicular and the in-plane magnetic field.
For the top structure, the anisotropy K, op is obtained to be
1.29 x 10° J/m3, and for the bottom structure, the anisotropy
Ky bottom 18 obtained to be —4.21 x 10* J/m3. The smaller
value of the negative anisotropy for the bottom structure sug-
gests that the in-plane anisotropy of the bottom structure is
relatively weak.

V. DEPENDENCE OF MAGNETIC CONFIGURATIONS
ON THE SPACER AND
FERROMAGNETIC-LAYER THICKNESSES

With the knowledge of magnetic anisotropies of the two
ferromagnetic layers, we then study the combined effect of
IEC and magnetic anisotropies on magnetic configurations
in the magnetic-multilayer structure. In particular, we focus
on how the IEC changes as a function of the spacer layer
and ferromagnetic-layer thicknesses. Figure 3(a) shows the
schematic of the Hall bar that was used to measure Hall re-
sistance Ry of samples. Figure 3(b) shows the Hall resistance
of a magnetic-multilayer structure with tr; = 1.61 nm, as a
function of the perpendicular magnetic field H,. The Hall bar
that was used to measure the Hall resistance is located near
the center of the sample where tcopeg = 1.12 nm. There is a
plateau in the region around zero magnetic field that forms a
loop on increasing or decreasing the perpendicular magnetic
field H,. On further increasing or decreasing the external field,
a slanted curve appears in the intermediate field region. The
slanted curve eventually saturates at a higher magnetic field
where both layers are aligned in the direction of the external
field. This gradual transformation of the intermediate state
into the final saturated parallel state is referred to as the spin-
flop transition.

The result for the Hall resistance as shown in Fig. 3(b)
can be interpreted as follows. For this set of parameters of
tra and fcoreB, Jiec > 0 (antiferromagnetic IEC). The anti-
ferromagnetic IEC would favor the top- and bottom-layer
magnetizations to point in opposite directions to lower the
free energy. However, as shown in Sec. IV, the top layer has
a perpendicular magnetic anisotropy and the bottom layer a
weaker in-plane anisotropy. The combined effect of the anti-
ferromagnetic IEC and anisotropies of the two ferromagnetic
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FIG. 3. (a) The schematic of the Hall bar structure. (b) Hall
resistance Ry vs perpendicular magnetic field H, for a magnetic-
multilayer structure with tr, = 1.61 nm and #copes = 1.12nm. The
inserts show schematics of magnetic configurations at different per-
pendicular magnetic fields. ARy is the difference between Hall
resistances for two opposite spin states at zero magnetic field.
(c) Hall resistance Ry vs perpendicular magnetic field H, for mag-
netic multilayers with different 71, and with the same ferromagnetic
layer thickness of fcores = 1.121nm. (d), ARy/ARy ., as a function
of t1,. Dots are experimental data and the line is a guide for the eyes.
Arrows in (b) and (c) represent switching directions.

layers would lead to canted magnetization in both layers. The
degree of canting of the magnetization for each layer results
from the interplay of the IEC and magnetic anisotropy. The
top layer with a stronger perpendicular anisotropy should
have a magnetization that is pointed mainly along the nor-
mal direction with a small in-plane component. On the other
hand, the bottom-layer magnetization should be more canted
with a larger in-plane component due to its weaker in-plane
anisotropy competing against an antiferromagnetic IEC with
the top layer. These qualitative consideration remains true in
the presence of a weak external field H,. In Supplemental
Material Note 1 [37], we show that the in-plane anisotropy
of the bottom ferromagnetic layer is actually an easy-axis
scenario with a rather weak anisotropy perpendicular to
the direction of the ferromagnetic-layer thickness gradient.
This weak easy-axis anisotropy may have an effect on the
in-plane magnetization direction in the magnetic-multilayer
structure.

The spin-flop transition at higher external field H, orig-
inates from the competition between the IEC energy, the
Zeeman energy from the external magnetic field, and the
anisotropy energy for the flipping of the normal compo-
nent of the magnetization of the bottom layer from pointing
against the external field to pointing along the external field.
In a region where the IEC and Zeeman energy dominate
over the weak anisotropy of the bottom layer, we can es-
timate the IEC strength by balancing the Zeeman energy
against the IEC. Denoting the external field at the center
position of the S-shaped spin-flop transition curve as the ex-
change coupling field Higc, this yields an estimate for the IEC
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strength as

|Jiec| = woHiecMstem, (2)

where Mg =1.06 x 10° A/m is the saturation magneti-
zation measured through a vibrating-sample magnetome-
ter, and fpy = 0.9%copeg = 1.0 nm is the average of two
ferromagnetic-layer thicknesses. For the multilayer structure
with tr, = 1.61 nm, Higc is determined to be 140.6 Oe and
the IEC strength is estimated to be 0.0149 mJ/m?. This IEC
strength is comparable to the previous report of magnetic
multilayers with the Ta spacer [8,39]. Note that this estimate
breaks down near a region where IEC changes sign where the
magnitude of IEC no longer dominates over the anisotropy
energy.

We then measured Hall resistance of magnetic multilayers
with different Ta spacer thicknesses but the same CoyoFe40B2g
layer thickness of fcorep = 1.12nm, as shown in Fig. 3(c).
All the results were measured through Hall bars located near
the center of samples. We controlled the deposition time for
CogoFeq9Byg layers the same for each sample, while we varied
the deposition time for the Ta spacer for different samples.
When decreasing f, from 1.61 to 1.38 nm, the plateau in
the region around zero magnetic field becomes slanted. We
interpret this effect as originating from a decrease in the an-
tiferromagnetic IEC strength. In this case, the weak magnetic
anisotropy in the thicker bottom ferromagnetic layer plays a
more important role in leading to a more canted magnetization
structure with a larger in-plane component of the bottom-layer
magnetization. This gives rise to a larger value of ARy that is
the difference of Hall resistances Ry for two opposite spin
states at zero magnetic field. On further decreasing fr, to
1.15 nm, only a square loop is present. We interpret this as due
to the fact that the IEC between the two ferromagnetic layers
has changed sign changing from an antiferromagnetic to a
ferromagnetic IEC. The anisotropy term for the bottom layer
plays a minor role when the top and bottom layers are fer-
romagnetically coupled. When decreasing the perpendicular
magnetic field from the positive saturation field to zero field,
or increasing the perpendicular field from the negative satu-
ration field to zero field, magnetizations in both Co4gFe49B2g
layers remain aligned along the external field direction, in or-
der to lower both the IEC energy and the Zeeman energy from
the external magnetic field. This leads to a loop with a narrow
width and a ARy value which is very close to ARy, that is
defined as the difference of Hall resistances Ry for two oppo-
site spin states at saturation fields. Based on this interpretation,
we can then use the value of ARy /ARy, as a qualitative mea-
sure of both the sign and strength of the IEC between the two
ferromagnetic layers. A small value of ARy/ARy ., would
correspond to an antiferromagnetic IEC and a large value to a
ferromagnetic IEC. Figure 3(d) shows ARy /ARy 1, as a func-
tion of #r,. ARy/ARy ,m increases steadily as the Ta spacer
thickness changes from 1.5 to 1.2 nm. It is hard to determine
the critical thickness at which the IEC sign reverses. How-
ever, we can estimate through Fig. 3(d) that the sign reversal
occurs around ARy /ARy = 0.5 or around f1, = 1.3 nm. At
zero field, the antiparallel magnetization of the ferromagnetic
layers transforms into parallel magnetization as the spacer
thickness changes by approximately 0.2 nm. This change of
magnitude and sign of the IEC with the Ta spacer thickness

corresponds to the well-established oscillatory behavior of the
RKKY interaction [1-3].

With the above understanding of the dependence of the
Hall resistance on the interplay of magnetic anisotropies,
the IEC and the external field, we then proceed to measure
the Hall resistance through Hall bars at different positions on
samples to map both CogFesByg layer thicknesses and the
Ta spacer thickness dependences of magnetic configurations.
Figure 4(a) shows Hall loops of Hall bars at different positions
in a single batch. Position (i) is near the center of the sample.
Positions (ii) and (iii) are respectively located at a position
with an intermediate radial distance Ar, and near the edge of
the sample. There is a qualitative change of the Hall resistance
curve from the plateau plus a spin-flop transition at position
(1) to the very narrow square loop at position (iii), indicating
a change of sign and strength of IEC as the thicknesses of the
ferromagnetic and spacer layers are varied. Figure 4(b) shows
that the radial distance Ar dependences of ARy and ARy .
ARy nm increases slightly as the radial distance Ar increases,
because of both decreases in Co4oFes0By layer thicknesses
and the Ta spacer thickness. In addition, ARy increases grad-
ually as the radial distance Ar increases, implying the gradual
changes in the IEC along the radial direction.

We then performed Hall resistance measurements on dif-
ferent samples, and plotted ARy /ARy m as functions of both
CogoFeq0Byg layer thicknesses and the Ta spacer thickness.
All the results are presented in Fig. 4(c) where crosses and
circles indicate corresponding Co4oFe40Byg layer thicknesses
and the Ta spacer thickness of magnetic multilayers at differ-
ent positions where Hall bars locate. The totality of all the
data shows that the magnetic configurations not only depend
on the Ta spacer thickness, but also depend on CogoFe4oB2g
layer thicknesses. This figure serves as a phase diagram in-
dicating where the IEC is ferromagnetic (colored in red) and
where the IEC is antiferromagnetic (colored in blue), and the
boundary between the two types of coupling where the IEC
is vanishingly small. In Fig. 4(d), we plotted ARy/ARy m
as a function of the CosgFes9Byo layer thickness where the
data are collected for samples with the Ta thickness in the
1.30-1.55-nm range. This figure shows that for magnetic mul-
tilayers with the Ta spacer thickness around 1.4 nm, when
decreasing CogoFeq0By layer thickness #copep from a thick-
ness of about 1.12 nm, the strength of the antiferromagnetic
IEC starts to decrease until it vanishes at a CoggFe49Bog
layer thickness of about 1.07 nm. As the ferromagnetic-layer
thickness is decreased further, the ferromagnetic IEC strength
increases continuously.

According to our previous discussions of the role of
anisotropy energy, it can have an influence on the Hall re-
sistance behavior versus the external field [40,41]. However,
we can exclude the possibility that the qualitative change
of ARy/ARum as a function of the thickness of the ferro-
magnetic layer in our studies is due to the anisotropy effect.
First, in Sec. IV, we have concluded from the experimen-
tal data shown in Fig. 2 that there are little variations in
the magnetic anisotropies of ferromagnetic layers when the
ferromagnetic-layer thickness fcopep is varied in the range in
the studies shown in Fig. 4. In addition, a large anisotropy
variation would also cause changes in the saturation field
[40,41] at which the Hall resistance reaches its maximum
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FIG. 4. (a) Hall resistance Ry vs perpendicular magnetic field H, for Hall bars at different positions in a single batch. ARy, is the
difference between Hall resistances for two opposite spin states at positive and negative saturation fields. (b) ARy and ARy, as a function
of the radial distance Ar in a single batch. The data correspond to the array of circles in (c). In (b), labels of #r, and #copes are also given.
(c) Phase diagram of ARy/ARy  as functions of both Ta spacer thickness 1, and the CogoFesB,g layer thickness #corep. Crosses and circles
indicate corresponding 1, and zc.rep Of magnetic multilayers at different positions where Hall bars locate. Circles correspond to the data in (b).
The blue area refers to the antiparallel magnetization of the ferromagnetic layers, and the red area refers to the parallel magnetization of the
ferromagnetic layers. The area with light colors refers to the canted magnetization state. (d) ARy/ARy , as a function of 7c.gep. The data are
collected for samples with 1, in the 1.3—1.55-nm range. Arrows in (a) represent switching directions.

value with both layers having magnetizations pointed along
the direction of the external magnetic field. This has not been
observed as shown clearly from the data shown in Fig. 4(a).
All these observations support our interpretation that the qual-
itative change of the Hall resistance ARy/ARy m shown in
Fig. 4 corresponds of the change of both the sign and mag-
nitude of the IEC as a function of both the spacer layer and
ferromagnetic-layer thicknesses.

VI. DISCUSSIONS AND CONCLUSIONS

Observations of the effects of ferromagnetic layers on the
IEC in our magnetic multilayers are expected, because of both
the weak IEC strength and the weak magnetic anisotropy in
the thicker bottom ferromagnetic layer. Magnetic configura-
tions in magnetic thin films are determined by competitions
between the IEC energy and the magnetic anisotropy energy.
The weak magnetic anisotropy energy in the bottom layer in
our multilayer structure makes it possible to observe changes
in Hall resistance measurement even when the IEC has a
minor change.

Varying ferromagnetic-layer thicknesses induces changes
in both thermal magnon excitations and quantum interfer-
ences inside the ferromagnetic layers. On the one hand, the
decrease in CoyqoFeq0B; layer thicknesses weakens the IEC
strength, because thermal magnetic fluctuations increase and
thermal magnon excitations become more important in re-
duction of the IEC strength [42,43]. On the other hand,
varying ferromagnetic-layer thicknesses also tunes quantum
interferences inside the ferromagnetic layers [7,13], thus af-
fecting spin asymmetry of reflection coefficients at interfaces

which affect quantum interferences in the Ta spacer. The film
quality and interface roughness can also affect spin asym-
metry of reflection coefficients at interfaces, giving rise to
the IEC variation. However, here we confirm that the IEC
variation in our studies is most probably the result of thickness
change itself, and no obvious spatial variations in the interface
roughness, crystalline structures, and compositions of the de-
posited CogoFes0B>o has been observed in the atomic-force
microscopy, XRR, transport, and energy dispersive x-ray
spectroscopy measurements [37].

Most interestingly, as shown in Figs. 4(c) and 4(d), the IEC
changes sign when ferromagnetic-layer thicknesses change
by as small as approximately 0.1 nm. This value is smaller
than the Ta spacer thickness change [approximately 0.2 nm,
Fig. 3(d)] for the same transformation, suggesting that it is
more efficient to modify the IEC by varying ferromagnetic-
layer thicknesses.

Varying the deposition time is one way to tune the
ferromagnetic-layer thicknesses. One expects that using other
external controls such as voltage controls [9,22] and optics
[44,45] can also manipulate the layer thicknesses, as well as
charge carriers in the ferromagnetic layers, thus manipulating
the IEC between the ferromagnetic layers. This manipulation
is expected to have a lower energy-consumption, compared
with the manipulation via tunning the spacer properties. If the
IEC sign reversal is achieved via external controls, the energy-
efficient switching between different magnetic configurations
would be realized which is desirable for magnetic memory
applications.

For magnetic sensing applications, the magnetoresistive
response and/or the Hall voltage response to the external field
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should be reversible and with the zero coercivity [31,32,46].
Besides magnetoresistive sensors [46], a high-performing
anomalous Hall sensor based on the interlayer-exchange cou-
pled magnetic thin film has been also reported recently [31].
In these sensors, in addition to magnetic anisotropies, the
IEC provides a handle to control their responses to the
external field, thus controlling their sensing capability in-
cluding the sensitivity and the dynamic range. The more
sensitive response of the IEC to the ferromagnetic-layer
properties can lead manipulations of the sensing perfor-
mance of magnetic sensors to be more energy efficient
by controlling the ferromagnetic-layer properties via dif-
ferent methods including the external controls as stated
previously.

Although critical thicknesses for the IEC sign reversal
may be different for different magnetic-multilayer systems,
we expect that the efficient manipulations of the IEC via
magnetic-layer effects would be consistent, which remains
to be further studied. Especially when the spacer thickness
is around the value at which the IEC sign reversal occurs,
the energy-efficient manipulations of both the IEC sign and
strength can be achieved.

In conclusion, we have fabricated perpendicular magne-
tized magnetic thin films with the structure of Ta(4.0)/MgO
(1.6)/CouoFesoBa tcoren)/ Ta(tr,)/CosoFeanBao(0.8tcoren )/
MgO(1.6)/Ta0,(2.0), and studied the dependences of the
IEC and magnetic configurations on both the CogFesByg
layer thicknesses and the Ta spacer thickness. It is found that
the CoyoFes9Byg layer thicknesses influence both the IEC sign
and strength. Compared to the Ta spacer thickness change
(approximately 0.2 nm) required for the sign change of the
IEC, we found that the same transformation occurs when the
CoyoFeq0Byg layer thicknesses change by as small as approx-
imately 0.1 nm. This suggests that a more energy-efficient
manipulation of the IEC can be achieved by considering
magnetic-layer effects which were generally ignored. Our
studies provide a guide to future explorations on energy-
efficient manipulations of the IEC via controlling magnetic-
layer properties such as controlling the magnetic moments,
magnon excitations, or topology of the Fermi surface.
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