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The magnetic and transport properties of high quality synthetic spin-valves with the structure of
Ta/NiFe/ IrMn/CoFe/Ru/CoFe/NOL/CoFe/Cu/CoFe/CL were studied by using magnetoresistance mea-
surements. Here Ti, Hf, and Al are used as the capping layer. It is found that both the thickness and materials
properties of the capping layers can affect the interlayer coupling field. The interlayer coupling field oscillates
weakly with respect to the thickness of the Ti and Hf capping layers. Extremely strong ferromagnetic coupling
has been observed when the thickness of the Al capping layer is in a certain range where resonant exchange
coupling takes place. The strength of the interlayer coupling is inversely proportional to the square of the
thickness of the spacer. It is a typical characteristic of quantum size effect.
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I. INTRODUCTION

Spintronics offers opportunities for a new generation of
devices combining conventional microelectronics with spin-
dependent effects that arise from spin-charge interaction of
the carriers. One of the major challenges in this field of spin-
tronics is to control the dynamics of both carrier charge and
spin by external electric and magnetic fields.1,2 In spin-based
electronic devices, such as read head sensors and magnetic
random access memories,3–5 one of the key issues is to ma-
nipulate the spin orientation of two ferromagnetssFMsd
separated by one metallic or nonmetallic spacer. The inter-
layer magnetic coupling between two FM layers across the
spacer oscillates with the thickness of the spacer.6–8 The
electronic origin for this oscillatory magnetic coupling is at-
tributed to quantum interferences due to spin-dependent con-
finement of electrons in the spacer layer.9–11

Since the electrons are confined in the nonmagnetic cap
layersCLd due to the vacuum barrier, the interlayer exchange
coupling sIECd oscillates with the CL thickness, which is
predicated theoretically by Bruno12 and confirmed by experi-
mental works done by Bounouhet al. on the
Au/Co/Au/Co/Aus111d system,13 by de Vrieset al. on the
Cu/Co/Cu/Co/Cus001d system,14 and by Okuno and In-
omata on the Au/Fe/Au/Fe/Aus001d system.15 To our best
knowledge, so far there is no similar report in synthetic spin
valves in which some in-active layers such as the seed layer,
the structural guide layer and the antiferromagnetic layer
may be responsible for weakening the confinement of the
electrons.

A nano-oxide layersNOLd inside the pinned layer can
smoothen the surface of the interface and enhance the specu-
lar reflective coefficient, which leads to enhancement of the
magnetoresistance effect and oscillation of the interlayer
coupling field sHintd with the thickness of the spacer ob-
served in spin valves by many research groups.16–19 It is
expected that the effect of the electron confinement in the
cap layer on the interlayer coupling should be observable in
NOL-added synthetic spin valves. Here we will demonstrate

that the interlayer coupling field between the free and pinned
FM layers in NOL-added spin valves depends on the thick-
ness of the cap layer and also the material properties of the
cap layer. Because of the strong quantum confinement of the
electrons, resonant exchange coupling has been observed in
the system when Al is used as the cap layer. The strength of
the interlayer coupling is inversely proportional to the square
of the thickness of the spacer, indicating that the observed
strong interlayer coupling field between the free and pinned
layers is the nature of the quantum size effect of the cap
layer.

II. EXPERIMENT

Synthetic spin valvessSVsd with a typical structure of
Ta/NiFe/ IrMn/CoFe/Ru/CoFe/NOL/CoFe/Cu/CoFe/CL
shere, NOL stands for CoFe–O, and CL stands for cap layer,
Al/Al–O or Ti/Ti–O and Hf/Hf–Od were grown on Si sub-
strate coated with thermally oxidized 1mm thick SiO2 by
using magnetron sputtering method under ultra high vacuum
with base pressure of about 5310−10 Torr. Here, Ta is used
as the seed layer. NiFe is used as the structural guide layer,
and IrMn is used as the antiferromagnetic layer. The compo-
sitions of the alloy targets are Ni81Fe19, Ir20Mn80, and
Co90Fe10 sin atomic percentaged, respectively. During depo-
sition of the magnetic layers, an electrical-magnetic field
with strength of 100 Oe was applied in order to induce the
easy axis of the ferromagnetic layer. More detailed deposi-
tion conditions can be found in Refs. 16 and 20. Here we just
summarize the formation of nano-oxide layer briefly. After
deposition of Ta/NiFe/ IrMn/CoFe/Ru/CoFe, the wafer was
transferred to a plasma oxidation chamber to form a nano
CoFe–O layer by exposing the CoFe metallic layer to pure
oxygen at pressure of 3310−3 Pa for 60 s. After that, the
wafer was transferred back to the processing chamber for
deposition of the rest part of the spin valves. Al-O, Ti-O,
and Hf-O were naturally formed by exposing the fresh cap
metallic layer to air after finishing deposition of the whole
stack of thin film. After completion of the whole stack of
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SVs, the samples were magnetically annealed at 235 °C at
1 T for 2 h. The magnetic field was along the easy axis of
the ferromagnetic layer, so that the magnetization direction
of the pinned layer was set by exchanging coupling between
the ferromagnetic CoFe and the antiferromagnetic IrMn
layer. MagnetoresistancesMRd measurements were carried
out by using a four-probe method in a vibrated sample mag-
netometer with MR measurement fixture. X-ray diffraction
sXRDd was used to characterize the structure of the thin
films. XRD patterns show that the SVs are ofs111d textural
structure.

III. RESULTS AND DISCUSSIONS

A. The effect of Hf, Ti capping layers on the interlayer
coupling field

A typical R-H curve measured on a SV with the structure
of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/CoFe2.3/
Cu2.3/CoFe2.6/AlO is shown in Fig. 1sad in the field range
from −6000 to 6000 Oe. When the strength of the field is
larger than 6000 Oe, the magnetization of all the magnetic
layers is in the positive direction, the resistance is at the
lowest state. When the strength of the field is decreased, the
magnetization of the pinned layer that is nearer to the free
layer starts rotating to the negative direction and the resis-
tance is increased. The resistance is at the highest state when
the magnetization of the pinned layer is antiparallel to that of
the free layer. When the external magnetic field is further
decreasedssmaller thanHint−Hc, Hint.Hcd or increased in
the negative directionslarger thanHc−Hint, Hc.Hintd, the
magnetization of the free layer switches to the negative di-
rection, so the resistance becomes the smallest again. Here
Hc is defined as the coercivity of the free layer, andHint is
defined as the interlayer coupling field which stands for the
offset field of the center of the minor MR loop caused by the
magnetization switching of the free layer, as shown in the
inset of Fig. 1sad. It is ferromagnetic coupling, when the
minor magnetoresistance loop shifts to the same direction of
the major magnetoresistance loop of the pinned layer as ob-
served in this SV. It is antiferromagnetic coupling when the
minor magnetoresistance loop shifts to the opposite direction
of the major magnetoresistance loop of the pinned layer.

Figure 1sbd shows Hint as a function of the thickness
of the Ti layer for a series of SVs with the structure
of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/CoFe2.3/
Cu2.3/CoFe2.6/Tistd /TiO sthicknesses of each layer are in
nanometersd. Hint was obtained based on magnetoresistance
measurement of the SVs similar to the one shown in Fig.
1sad. Some data points shown in Fig. 1sbd were measured on
samples with the fixed thickness of the cap layersbut not in
the same batchd for three times. The data points shown in
Fig. 1sbd are quite scattered. It is probably due to the thick-
ness fluctuation of other layers such as the spacer and the
free/pinned ferromagnetic layers. However, one still can find
the trend that the interlayer coupling field oscillates weakly
with respect to the thickness of Ti layer with a period of
about 1.0 nm. Figure 1scd shows Hint as a function of
the thickness of Hf for a series of SVs with the structure
of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/CoFe2.3/

Cu2.3/CoFe2.6/Hfstd /HfO. Again the data are very scattered,
but the trend is still there;Hint oscillates weakly with respect
to the thickness of the Hf cap layer in a period of about
1.2 nm.

The electronic origin for the oscillation of the interlayer
coupling is due to the density of states oscillations because
of electron confinement in the spacer. The interlayer cou-
pling oscillation period is determined by the beating fre-
quency between the Fermi wavelength and the lattice con-
stant, namely the envelope function wave vectorkenv by
subtracting the Fermi wave vectorkF=2p /lF from the Bril-
louin zone boundary wave vectorkZB:

kenv= kZB − kF. s1d

Hf and Ti are of hcp structurea=3.20 Å, c=5.07 Å for Hf
and a=2.95 Å, c=4.69 Å for Ti. The maximum Fermi ve-
locity of Hf is about 0.6673106 m/s and 0.5693106 m/s

FIG. 1. sad R-H curve for a typical SV with structure
of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/CoFe2.3/Cu2.3/
CoFe2.6/AlO. The inset shows theR-H curve for the minor loop in
which the interlayer coupling fieldsHintd is defined.sbd showsHint

as a function of the thickness of Ti for a series of SVs with
the structure of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/
CoFe2.3/Cu2.3/CoFe2.6/Tistd /TiO. sThe solid line is used
for eye-guidance only.d scd shows Hint as a function of
the thickness ofHf for a series of SVs with the structure
of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/CoFe2.3/Cu2.3/
CoFe2.6/Hfstd /HfO. sThe solid line is used for eye-guidance only.d
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for Ti.21 According to Eq.s1d, the oscillation period of the
interlayer coupling for the Hf cap layer is about 7.74 for
s1000d and 4.73 Å fors0002d; it is about 5.48 Å for Tis1000d
and 3.69 Å for Tis0002d. In terms of the oscillation period,
the experimental results are not in agreement with the theo-
retical estimation. It may be due to the following two rea-
sons. One of them is that the Hf and Ti cap layers deposited
in the SVs are polycrystalline instead of single crystals that
are assumed in the theoretical estimation. Second, the inter-
layer coupling field between the free and pinned FM layers
in the SVs depends on many factors such as the thickness of
each FM layer, the thickness of the spacer, the magnetic
moment of the free layer, as well as the surface roughness of
the spacer. The thickness fluctuation of any layer will affect
the electron confinement in the cap layer, resulting in scat-
tered data points, and will eventually smoothen the oscilla-
tion of the interlayer coupling field with respect to the thick-
ness of the cap layer.

In order to provide more quantitative analysis, we sim-
plify the synthetic SVs with the NOL in the pinned layer into
four layers with one barrier in the pinned layer and one bar-
rier on top of the cap layer. The simplified one-dimensional
potential for the system can be modeled as shown in Fig. 2.
L1 andL2 are the pinned CoFe and free CoFe layer thick-
ness,D andT are the spacer and the cap layer thickness. The
NOL layer and top oxide cap layer are simplified by two
potential barriers with height ofW. Electrons of both spin
directions in Cu and spin-up electrons in CoFe have Fermi

wave vectorkF; spin down electrons in CoFe have wave
vectorkF

↓. Electrons of both spin directions in the cap layer
have Fermi wave vectorkF8. The reflection coefficient at the
interface between Cu and CoFe as well as between CoFe and
the cap layer is simplified asr`=skF−kF

↓d / skF+kF
↓d. The re-

flection coefficient of electrons of both spin directions at the
interface between CoFe and the NOL barrier or between
the cap layer and the cap oxide barrier is simplified asrv
=skF8− ikvd / skF8+ ikvd with

h2kv
2

8p2m
= W− «. s2d

Within the free electron approximation of Bruno’s model,12

we can derive the equation for the bilinear interlayer cou-
pling strengthJ1 in the limit of weak confinementssmall r`d:

J1 =
1

2
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2
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The first line in Eq.s3d corresponds to the case of a semi-
infinite overlayer and semi-infinite pinned layer, in the ab-
sence of the cap oxide barrier and NOL potential barrier. The
remaining terms represent the effect of confinement due to
the oxide potential barrier at each side. By usingkF

=1.36 Å−1, kF
↓ =1.26 Å−1, L1=2.3 nm, L2=2.6 nm, D

=2.3 nm, W=5.0 eV, basically we can calculate the inter-
layer coupling field as a function of the thickness of the cap
layer. The calculated oscillation period is about 0.5 nm,
which is in good agreement with the estimated value men-

tioned early. The oscillation amplitude is about 5 to 6 Oe,
which is in good agreement with our experimental results.
However, our experimental data are very scattered when we
put the data points of different batch samples in the same
plot. According to Eq.s3d, the interlayer coupling field oscil-
lates with the thickness of the spacer, the thickness of the
free/pinned FM layers, and also the thickness of the cap
layer. Any thickness fluctuation of these layers will influence
the interlayer coupling field. Such kind of thickness fluctua-
tion is unavoidable during the sample preparation, especially

FIG. 2. Illustration of a simplified one-dimensional potential
modeled for the nano-oxide-added synthetic SVs with metallic cap
layers.
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for the samples from one batch to another batch that are
prepared by the magnetron sputtering method. It is probably
the main reason that makes the oscillation blur.

B. Abnormal enhancement of interlayer coupling in NOL SVs
with Al used as the cap layer

Figure 3sad shows the interlayer coupling field as a func-
tion of the thickness of the cap Al layer for a series of SVs
with the structure of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/
CoFe1/NOL/CoFe2.3/Cu2.3/CoFe2.6/Al std /AlO. The open
squares are forHint that is a function of the thickness of the
cap Al layer in a series of synthetic SVs with CoFe–O nano-
oxide layer inside the pinned CoFe layer. There is an abnor-
mally strong interlayer coupling occurring at 1.3 nm of the
Al cap layer. The maximum ofHint increases up to 250 Oe
which is about 50 times larger than that obtained in an usual
NOL-added SV. The full width of the half maximum peak is
about 0.3 nm, which means only about one atomic mono-
layer difference of Al thickness can cause ten times differ-
ence in the interlayer coupling field. It is very obvious that it
should be attributed to the quantum size effect. The small
oscillation peak of the interlayer coupling field with respect
to the thickness of the cap layer is now covered by this huge
interlayer coupling field peak. Since this interlayer coupling
peak does not oscillate with respect to the thickness of the
cap layer, it cannot be interpreted by Eq.s3d within the frame
of the free electron model. It is believed that it should be
associated with the resonant exchange coupling because of
the quantum-size effect and the interference of conducting
electrons in the spacer and cap layer quantum wells. Due to
the confinement of the cap layer surface with an infinite ox-

ide barrier height, the conducting electrons are subject to the
spin-dependent reflection from surfaces and interfaces, so
they could interfere in the quantum wells of the cap layer,
setting up the spin-dependent quantum well states. Under
certain conditions, this kind of interference becomes maxi-
mum, so the resonant exchange coupling takes place. The
resonant exchange coupling between two ferromagnets sepa-
rated by a nonmetallic spacer has been theoretically ad-
dressed by Wanget al.22

The strong ferromagnetic resonant coupling observed in
the nano-oxide-added synthetic spin valves with Al cap layer
is due to strong confinement of the conducing electrons in
the quantum well of the cap layer because of the enhance-
ment of the reflection of electrons between the nano-oxide
CoFe-O barrier in the pinned layer and the cap oxide barrier
on top of the metallic cap layer. This quantum size effect can
be verified by the following experiment. Since the quantum
interference of the electron is formed when the electron re-
flects back and forth between the nano-oxide pinned layer
and the insulator potential barrier on top of the cap layer, it is
expected that the resonant coupling will become weak when
the nano-oxide CoFe-O layer inside the pinned layer is re-
moved from the structure. As illustrated by the solid squares
sthe solid lines serve for eye-guidance onlyd in Fig. 3sad, the
maximum of the interlayer coupling field is reduced from
256 to 153 Oe, in the series of SVs with the structure
of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe3/Cu2.3/CoFe2.6/
Al std /AlO. Interestingly, the peak position shifts from
1.3 to 1.2 nm, and it is very sensitive to the thickness of the
cap layer. The shift of the peak position is due to the phase
shift of the wave functions of electrons after reflection at the
interface between the pinned CoFe and the CoFe-O nano-
oxide barrier. The reduction ofHint is due to the weaker
reflection of the electrons when there is no nano-oxide
CoFe-O layer inside the pinned layer.

Since the magnetoresistance effect correlates with the in-
terlayer coupling in SVs, such kind of quantum interference
effect can be remarkably observed in the magnetoresistance
effect. Figure 3sbd shows the MR ratio as a function of the
thickness of the cap layer for two series of samples with
the structure of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/
NOL/CoFe2.3/Cu2.3/CoFe2.6/Al std /AlO sopen circlesd
and Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe3/Cu2.3/CoFe2.6/
Al std /AlO ssolid circlesd. With CoFe-O NOL inside the
pinned layer, MR is larger in the whole range of the cap layer
investigated except for the resonant regime. It is because of
the enhancement of the specular reflection of electrons at the
interface of CoFe-O NOL and at the interface of the top AlO
layer. The magnetic coupling between the free and pinned
ferromagnetic layers is strongly ferromagnetic coupled at the
resonant condition, as a result, MR is minimum at this re-
gime. The stronger the coupling field, the smaller the MR
ratio. MR is suppressed from about 16% to zero when the
CoFe-O NOL is inside the pinned CoFe layer. However, MR
drops from 12% to about 5% if there is no CoFe-O NOL
inside the pinned CoFe layer.

The transport properties are in good agreement with the
magnetic properties of the system. The magnetoresistance
effect is strongly correlated with the interlayer coupling. As
an example, Fig. 4sad showsMR-H curve for a SV with the

FIG. 3. sad Hint and sbd MR as a function of the thickness of
Al cap layer for two series of samples with the structure
of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/CoFe2.3/Cu2.3/
CoFe2.6/Al std /AlO sopen symbolsd and Ta3/NiFe2/ Ir
Mn8/CoFe2/Ru0.8/CoFe3/Cu2.3/CoFe2.6/Al std /AlO ssolid sym-
bolsd. sThe solid lines are used for eye-guidance only.d
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structure of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/
CoFe2.3/Cu2.3/CoFe2.6/Al1.2/AlO sSV Bd, the thickness of
Al is about 1.2 nm, which is in the vicinity of the giant
interlayer coupling peak. So the interlayer coupling is about
220 Oe, and the MR ratio is very small, only about 1.6%.
Figure 4sad also shows theMR-H curve for a SV with the
structure of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/
CoFe2.3/Cu2.3/CoFe2.6/Al1.6/AlO sSV Ad; the thickness of
the Al is about 1.6 nm, which is out of the giant peak range,
so the MR ratio is large, about 14.9%, and the interlayer
coupling field is only about 20 Oe. To confirm the correla-
tion between the interlayer coupling and the MR ratio, we
have also measured theirM-H curves as shown in Fig. 4sbd.
The inset of Fig. 4sbd shows the part of theM-H curve in the
range from −200 to 1000 Oe. In the former case, the spin
orientation of the free layer and the pinned layer is strongly
ferromagnetic coupled; theM-H curve is caused by the ro-
tation of the free layer and the pinned layer together. But for
the latter case, theM-H curve for the free layer is well sepa-
rated from theM-H curve of the pinned layer. The interlayer
coupling field determined byM-H curves is in good agree-
ment with the value determined byR-H curves.Hint also
depends on the moment of the free layer provided that the
interlayer coupling energy is a constant. The smaller the mo-
ment of the free layer, the larger theHint. Look at theM-H
curve shown in Fig. 4sbd. The total moment of the free and
pinned layers is almost the same for SV B and SV A within
our measurement accuracy although the feature of their

M-H curves is quite different. That means the moment fluc-
tuation in the free layersif there is anyd is not able to account
for ten times’ enhancement of theHint observed in SV B.

Basically there are three types of interlayer coupling,23

namely, “orange peel” coupling, domain wall exchange cou-
pling, and quantum exchange coupling, which is due to the
electron confinement. The “orange peel” type ferromagnetic
coupling due to magnetostatic coupling arises due to interac-
tions between free poles which are setup at topographically
conformal, uneven interfaces. The strength of the “orange
peel” coupling is exponential decay with increasing thick-
ness of the spacer. The domain wall exchange coupling is
caused by the interaction of the stray field generated from the
domain wall of the free and pinned FM layers. However, the
interlayer coupling induced by the domain wall coupling is
characteristic of the antiferromagnetic property, which is not
the case observed in our experiments. The quantum ex-
change coupling is the nature of the quantum size effect. One
of the characteristics of this type of exchange coupling is that
the strength of the interlayer coupling field should be in-
versely proportional to the square of the thickness of the
spacer. To this end, we have also fabricated a series of spin
valves with the structure of Ta3/NiFe2/ IrMn8/CoFe2/
Ru0.8/CoFe1/NOL/CoFe2.3/Custd /CoFe2.6/Al1.2/AlO by
changing the thickness of the spacer. Here the thickness of Al
is fixed at 1.2 nm, around which the interlayer coupling is
near to the maximum. As shown in Fig. 5sad, the interlayer
coupling field decreases while the MR ratio is gradually in-

FIG. 4. sad MR-H curves andsbd M-H curves for a SV with
the structure of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/
CoFe2.3/Cu2.3/CoFe2.6/Al1.2/AlO sSV Bd and a spin valve with
the structure of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/
CoFe2.3/Cu2.3/CoFe2.6/Al1.6/AlO sSV Ad.

FIG. 5. sad MR and Hint as a function of the thickness
of the spacer for a series of SVs with the structure
of Ta3/NiFe2/ IrMn8/CoFe2/Ru0.8/CoFe1/NOL/CoFe2.3/Custd /
CoFe2.6/Al1.2/AlO sopen circles are forHint and solid circles are for
MRd. sbd Plot of Hint as a function of 1/tCu

2 based on the data plotted
in sad.
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creased with increasing thickness of the spacer. If the inter-
layer coupling field is replotted as a function of the 1/tCu

2 , as
shown in Fig. 5sbd, it is found thatHint is linear to 1/tCu

2 . This
indicates thatHint is inversely proportional to the square of
the thickness of the spacer. This is exactly what the quantum
size effect predicates. With further increasing the thickness
of the spacer layer, the MR ratio decreases again while the
interlayer coupling is almost saturated. The decreasing of the
MR ratio with increasing the thickness of the spacersabove
3.2 nmd is probably due to the current shunting effect in the
spacer.

IV. SUMMARY

In summary, very weak oscillations of the interlayer cou-
pling with respect to the thickness of the cap layer have been
observed in nano-oxide-added synthetic SVs although the
data are quite scattered due to the thickness fluctuation of the
spacer and free/pinned FM layers in the samples. The origin

of oscillations of the interlayer coupling can be interpreted
by the quantum interference effect of the wave functions of
free electrons confined in the quantum wells of the spacer
and the cap layer. The resonant interlayer exchange coupling
can take place when Al is used as the cap layer if the reso-
nant condition can be setup. Since the magnetoresistance is
correlated to the interlayer coupling, magnetoresistance ef-
fect is almost quenched at the thickness of the cap layer
where the resonant ferromagnetic exchange coupling takes
place. Although it is unable to be explained by the free elec-
tron model, our experimental evidences show that it should
be attributed to the quantum size effect. From an application
point of view, it needs to avoid such kind of strong ferro-
magnetic coupling between the free and pinned layers. But
from a scientific point of view, our experimental results have
demonstrated that it can offer us an alternative way to ma-
nipulate the magnetic interaction between two ferromagnets
separated by a metallic spacer just by engineering the wave
functions of electrons.
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