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Effect of capping layer on interlayer coupling in synthetic spin valves

Kebin Li,* Jinjun Qiu! Guchang Hanr,Zaibing Guo! Yuankai Zhend, Yihong Wu}l2 and Jinshan i
1Data Storage Institute, DSI Building, No. 5 Engineering Drive 1, Singapore 117608, Republic of Singapore
’Department of Electrical and Computer Engineering, National University of Singapore, Republic of Singapore
SHitachi Global Storage Technologies, 5600 Cottle Road, Mail Stop: 7ZDA/14-2, San Jose, California 95193, USA
(Received 28 April 2004; revised manuscript received 25 October 2004; published 27 Janugry 2005

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 that the interlayer coupling field between the free and pinned
FM layers in NOL-added spin valves depends on the thick-
Spintronics offers opportunities for a new generation ofness of the cap layer and also the material properties of the
devices combining conventional microelectronics with spin-cap layer. Because of the strong quantum confinement of the
dependent effects that arise from spin-charge interaction alectrons, resonant exchange coupling has been observed in
the carriers. One of the major challenges in this field of spinthe system when Al is used as the cap layer. The strength of
tronics is to control the dynamics of both carrier charge andhe interlayer coupling is inversely proportional to the square
spin by external electric and magnetic fieldkdn spin-based  of the thickness of the spacer, indicating that the observed
electronic devices, such as read head sensors and magneiifong interlayer coupling field between the free and pinned
random access memori&s,one of the key issues is to ma- |ayers is the nature of the quantum size effect of the cap
nipulate the spin orientation of two ferromagndfMs) layer.
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 spécehe

electronic origin for this oscillatory magnetic coupling is at- Synthetic spin valvegSVs) with a typical structure of
tributed to quantum interferences due to spin-dependent corra/NiFe/IrMn/CoFe/Ru/CoFe/NOL/CoFe/Cu/CoFe/CL
finement of electrons in the spacer layet. (here, NOL stands for CoFe—0, and CL stands for cap layer,
Since the electrons are confined in the nonmagnetic cag|/Al-O or Ti/Ti—O and Hf/Hf—O) were grown on Si sub-
layer (CL) due to the vacuum barrier, the interlayer exchangestrate coated with thermally oxidized Am thick SiO, by
coupling (IEC) oscillates with the CL thickness, which is ysing magnetron sputtering method under ultra high vacuum
predicated theoretically by Brufdand confirmed by experi- ith base pressure of about<L0™1° Torr. Here, Ta is used
mental works done by Bounouhet al. on the 35 the seed layer. NiFe is used as the structural guide layer,
Au/Co/Au/Co/Au11)) system,® by de Vrieset al.on the  and IrMn is used as the antiferromagnetic layer. The compo-
Cu/Co/Cu/Co/C00]) system;* and by Okuno and In- sitions of the alloy targets are NFey, Ir,gMng, and
omata on the Au/Fe/Au/Fe/A00D) system'® To our best  CoggFey, (in atomic percentagerespectively. During depo-
knowledge, so far there is no similar report in synthetic spinsition of the magnetic layers, an electrical-magnetic field
valves in which some in-active layers such as the seed layewith strength of 100 Oe was applied in order to induce the
the structural guide layer and the antiferromagnetic layeeasy axis of the ferromagnetic layer. More detailed deposi-
may be responsible for weakening the confinement of theion conditions can be found in Refs. 16 and 20. Here we just
electrons. summarize the formation of nano-oxide layer briefly. After
A nano-oxide layer(NOL) inside the pinned layer can deposition of Ta/NiFe/IrMn/CoFe/Ru/CoFe, the wafer was
smoothen the surface of the interface and enhance the speavansferred to a plasma oxidation chamber to form a nano
lar reflective coefficient, which leads to enhancement of theCoFe—O layer by exposing the CoFe metallic layer to pure
magnetoresistance effect and oscillation of the interlayeoxygen at pressure of>31073 Pa for 60 s. After that, the
coupling field (H;,) with the thickness of the spacer ob- wafer was transferred back to the processing chamber for
served in spin valves by many research grotip® It is  deposition of the rest part of the spin valves. Al-O, Ti-O,
expected that the effect of the electron confinement in thend Hf-O were naturally formed by exposing the fresh cap
cap layer on the interlayer coupling should be observable imetallic layer to air after finishing deposition of the whole
NOL-added synthetic spin valves. Here we will demonstratestack of thin film. After completion of the whole stack of

Il. EXPERIMENT

1098-0121/2005/71)/0144366)/$23.00 014436-1 ©2005 The American Physical Society



LI et al. PHYSICAL REVIEW B 71, 014436(2005

SVs, the samples were magnetically annealed at 235 °C at 54

1 T for 2 h. The magnetic field was along the easy axis of 34 4 @
the ferromagnetic layer, so that the magnetization direction X B : 1
of the pinned layer was set by exchanging coupling between & 2 0 H, "

the ferromagnetic CoFe and the antiferromagnetic IrMn z 501 & ol :

layer. MagnetoresistanddMR) measurements were carried agl :

out by using a four-probe method in a vibrated sample mag- ’ E—

netometer with MR measurement fixture. X-ray diffraction a6k H (0e)

(XRD) was used to characterize the structure of the thin
films. XRD patterns show that the SVs are(@f.1) textural
structure.

IlI. RESULTS AND DISCUSSIONS

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

H nl (oe)

A typical R-H curve measured on a SV with the structure
of  Tag/NiFe,/IrMng/CoFe/Ru, g/ CoFg/NOL/CoFe 5/
Cu, 5/ CoFeg ¢/ AlO is shown in Fig. 1a) 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- T
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 04 08
decreasedsmaller thanH;,,—H,, H;;;>H.) or increased in
the negative directiorlarger thanHc—Hiy, Hc>Hin), the FIG. 1. (8 R-H curve for a typical SV with structure
magnetization of the free layer switches to the negative diyt  T4,/NiFe,/IrMng/ CoFe/Ruy o/ COFe/NOL/CoFe 5/ Cu, 5/
rection, so the resistance becomes the smallest again. Heg@re, ;/AIO. The inset shows th&-H curve for the minor loop in
H. is defined as the coercivity of the free layer, angh is  which the interlayer coupling fieltH;,) is defined.(b) showsHy
defined as the interlayer coupling field which stands for thess a function of the thickness of Ti for a series of SVs with
offset field of the center of the minor MR loop caused by thethe structure of TgNiFe,/IrMng/ CoFe/Ruy g/ CoFg/NOL/
magnetization switching of the free layer, as shown in theCoFe 3/Cu, 3/ CoFe ¢/ Ti(t)/TiO. (The solid line is used
inset of Fig. 1a). It is ferromagnetic coupling, when the for eye-guidance only. (c) shows H;; as a function of
minor magnetoresistance loop shifts to the same direction dhe thickness ofHf for a series of SVs with the structure
the major magnetoresistance loop of the pinned layer as olof  Tas/NiFe,/IrMng/ CoFg/Ruy g/ CoFg/NOL/CoFe 3/ Cu, 5f
served in this SV. It is antiferromagnetic coupling when theCoFe ¢/ Hf(t)/HfO. (The solid line is used for eye-guidance oply.
minor magnetoresistance loop shifts to the opposite direction
of the major magnetoresistance loop of the pinned layer. Cu, ,/CoFe ¢/ Hf(t)/HfO. Again the data are very scattered,

Figure Xb) showsH;, as a function of the thickness puyt the trend is still theret,, oscillates weakly with respect
of the Ti layer for a series of SVs with the structure to the thickness of the Hf cap layer in a period of about
of  Tag/NiFe,/IrMng/ CoFe/Ru, g/ CoFg/NOL/CoFe 5/ 1.2 nm.

Cu, 3/ CoFe ¢/ Ti(t)/TIO (thicknesses of each layer are in  The electronic origin for the oscillation of the interlayer
nanometers Hi,; was obtained based on magnetoresistanceoupling is due to the density of states oscillations because
measurement of the SVs similar to the one shown in Figof electron confinement in the spacer. The interlayer cou-
1(a). Some data points shown in Figll were measured on pling oscillation period is determined by the beating fre-
samples with the fixed thickness of the cap lafmrt not in  quency between the Fermi wavelength and the lattice con-
the same batghfor three times. The data points shown in stant, namely the envelope function wave vedkgy, by

Fig. 1(b) are quite scattered. It is probably due to the thick-subtracting the Fermi wave vectkg=27/\ from the Bril-
ness fluctuation of other layers such as the spacer and théuin zone boundary wave vect&yg:

free/pinned ferromagnetic layers. However, one still can find

the trend that the interlayer coupling field oscillates weakly Keny= Kz — K. (1)
with respect to the thickness of Ti layer with a period of

about 1.0 nm. Figure (&) shows H;,; as a function of Hf and Ti are of hcp structura=3.20 A, ¢=5.07 A for Hf
the thickness of Hf for a series of SVs with the structureand a=2.95 A, ¢c=4.69 A for Ti. The maximum Fermi ve-
of  Tag/NiFe,/IrMng/CoFe/Ruy g/ CoFg/NOL/CoFe 5/ locity of Hf is about 0.66% 10° m/s and 0.56% 10° m/s

(Ce)

int

1.2 1.6 270
t (nm)
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for Ti.?! According to Eq.(1), the oscillation period of the
interlayer coupling for the Hf cap layer is about 7.74 for
(1000 and 4.73 A for(0002; it is about 5.48 A for T{1000 w w
and 3.69 A for T{0002. In terms of the oscillation period, Y
the experimental results are not in agreement with the theo- v  ——
retical estimation. It may be due to the following two rea- L1 D L2 T

sons. One of them is that the Hf and Ti cap layers deposited

in the SVs are polycrystalline instead of single crystals that FIG. 2. lllustration of a simplified one-dimensional potential
are assumed in the theoretical estimation. Second, the intemodeled for the nano-oxide-added synthetic SVs with metallic cap
layer coupling field between the free and pinned FM layerdayers.

in the SVs depends on many factors such as the thickness of

each FM layer, the thickness of the spacer, the magnetig,ye vectorke; spin down electrons in CoFe have wave
moment of the free layer, as well as the surface roughness Qkqior L Electrons of both spin directions in the cap layer
the spacer. The thickness fluctuation of any layer will aﬁeCthave Fermi wave vectd.. The reflection coefficient at the

:he Sledcttron c_o?fmen:jent_”m the tcayﬁ layer, rttre]sult[[r;]g in S.(;’Iatl'nterface between Cu and CoFe as well as between CoFe and
ered cata points, and Wit eventualy Smoothen e 05cilaine cap |ayer is simplified as.= (ke—kb)/ (ke+kb). The re-

tion of the interlayer coupling field with respect to the thick- flection coefficient of electrons of both spin directions at the

ness of the cap layer. interface between CoFe and the NOL barrier or between

In order to provide more quantitative analysis, we sim- . S
plify the synthetic SVs with the NOL in the pinned layer into t_he,ca}p Iaye,r e_md the cap oxide barrier is simplifiecr as
=(ki—ik,)/ (Ke+ik,) with

four layers with one barrier in the pinned layer and one bar-
rier on top of the cap layer. The simplified one-dimensional 202
potential for the system can be modeled as shown in Fig. 2. h’k, —W-¢ 2)

L1 andL2 are the pinned CoFe and free CoFe layer thick- 87°m '

nessD andT are the spacer and the cap layer thickness. The

NOL layer and top oxide cap layer are simplified by two Within the free electron approximation of Bruno’s moédél,
potential barriers with height ofV. Electrons of both spin we can derive the equation for the bilinear interlayer cou-
directions in Cu and spin-up electrons in CoFe have Fermpling strength; in the limit of weak confinemensmallr..):

1 h?kZ N o[ D\ illiskofLz D\
3= =(Ep—Epp) = 4F Im emk,;DJ dKKAT AT e 2P | = —Im r2(e2ked| =) - 2ikLo+2ikeD _12 + =
2 47"m 0 647"'m ke ke ke
-2 -2 -2
_ ezik£L1+2ikFD<L_1 " 2) T e2ik,l:(L2+L1)+2ik,:D< L;+L, + 2) ) oy (eZikFLl+2ikFD<L_1 n 2)
-2 -2 -2
_ ezik,:Ll+2ik,l:L2+2ikFD(ﬂ + L, + 2) + e2ik,':T+2ikFL2+2ik,:D<I + Lo 4 9) _ e2ik’FT+2ik,£L2+2ik,:D(I + L, + E)
ke kb ke ki ke ke ki kb ke
-2 -2
_ eZik,':T+2ik,:L2+2ik,l:Ll+2ik,:D(I + L + Ly + E) + e2ik,':T+2ik,£L2+2ik,£Ll+2ikFD(I + L + L, + 2) )
ki ki ke ke ki ki kb ke
-2 -2
+ rZ(e2ik,:Ll+2ik,’:T+2ikFL2+2ik,:D(I + Ly T Ly + 2) - 92ikFL1+2ik£T+2ik%Lz+2ikFD(I + L + L + 2) ) . 3
i ki ke ke ke ki ki ke ke

The first line in Eq.(3) corresponds to the case of a semi-tioned early. The oscillation amplitude is about 5 to 6 Oe,
infinite overlayer and semi-infinite pinned layer, in the ab-which is in good agreement with our experimental results.
sence of the cap oxide barrier and NOL potential barrier. Thédowever, our experimental data are very scattered when we
remaining terms represent the effect of confinement due tput the data points of different batch samples in the same
the oxide potential barrier at each side. By usikg plot. According to Eq(3), the interlayer coupling field oscil-
=1.36 A%, kt=1.26 A, L1=2.3nm, L2=2.6nm, D lates with the thickness of the spacer, the thickness of the
=2.3 nm,W=5.0 eV, basically we can calculate the inter- free/pinned FM layers, and also the thickness of the cap
layer coupling field as a function of the thickness of the capayer. Any thickness fluctuation of these layers will influence
layer. The calculated oscillation period is about 0.5 nmihe interlayer coupling field. Such kind of thickness fluctua-
which is in good agreement with the estimated value mention is unavoidable during the sample preparation, especially
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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-
1 rated by a nonmetallic spacer has been theoretically ad-
dressed by Wangt al??

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-
1 ment of the reflection of electrons between the nano-oxide
CoFe-O0 barrier in the pinned layer and the cap oxide barrier
on top of the metallic cap layer. This quantum size effect can
1 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

FIG. 3. (a) H,, and (b) MR as a function of the thickness of the nano-oxide CoFe-O Iayerl inside the pinned Iayer is re-
Al cap layer for two series of samples with the structure moved fror_n the structure. As |IIL_Jstrated b_y th_e solid squares
of  Tag/NiFey/IrMng/ CoFe/Ruy 5/ COFq/NOL/COFe o/ Cy f (the _sol|d lines serve for eye-gmdgnce_ o)niy Fig. 3a), the
CoFe ¢/Al(H)/AI0  (open symbols and  Ta/NiFe/Ir maximum of the. mterlayer.coupllng field is reduced from
Mng/ CoFe/Ruy g/ CoFey/Cu, 5/ CoFe / Al(1)/AIO  (solid sym- 256 to 153 Oe, in the series of SVs with the structure
bols). (The solid lines are used for eye-guidance only. of  Tag/NiFe,/IrMng/ CoFe/Ru, g/ CoFe/Cu, 5/ CoFe ¢/
Al(t)/AlO. Interestingly, the peak position shifts from

for the samples from one batch to another batch that aré-3 10 1.2 nm, and it is very sensitive to the thickness of the

prepared by the magnetron sputtering method. It is probabl§aP [ayer. The shift of the peak position is due to the phase
the main reason that makes the oscillation blur. hift of the wave functions of electrons after reflection at the

interface between the pinned CoFe and the CoFe-O nano-
oxide barrier. The reduction dfl;,; is due to the weaker
reflection of the electrons when there is no nano-oxide
CoFe-O layer inside the pinned layer.

Figure 3a) shows the interlayer coupling field as a func-  Since the magnetoresistance effect correlates with the in-
tion of the thickness of the cap Al layer for a series of SVsterlayer coupling in SVs, such kind of quantum interference
with the structure of TaNiFe,/IrMng/CoFe/Ru, g/ effect can be remarkably observed in the magnetoresistance
CoFg/NOL/CoFeg 4/Cu, 5/ CoFe ¢/Al(t)/AIO. The open effect. Figure 8) shows the MR ratio as a function of the
squares are foi;, that is a function of the thickness of the thickness of the cap layer for two series of samples with
cap Al layer in a series of synthetic SVs with CoFe—0O nanothe structure of TgNiFe,/IrMng/CoFe/Ru, ¢/ CoFg/
oxide layer inside the pinned CoFe layer. There is an abno™NOL/CoFe 3/ Cu, 3/ CoFe ¢/ Al(t)/AIO  (open  circle
mally strong interlayer coupling occurring at 1.3 nm of theand Ta/NiFe,/IrMng/CoFe/Ru, o/ CoFg/Cu, 3/ CoFe ¢/

Al cap layer. The maximum ofl;,; increases up to 250 Oe Al(t)/AlO (solid circleg. With CoFe-O NOL inside the
which is about 50 times larger than that obtained in an usugbinned layer, MR is larger in the whole range of the cap layer
NOL-added SV. The full width of the half maximum peak is investigated except for the resonant regime. It is because of
about 0.3 nm, which means only about one atomic monothe enhancement of the specular reflection of electrons at the
layer difference of Al thickness can cause ten times differinterface of CoFe-O NOL and at the interface of the top AlO
ence in the interlayer coupling field. It is very obvious that it layer. The magnetic coupling between the free and pinned
should be attributed to the quantum size effect. The smalflerromagnetic layers is strongly ferromagnetic coupled at the
oscillation peak of the interlayer coupling field with respectresonant condition, as a result, MR is minimum at this re-
to the thickness of the cap layer is now covered by this huggime. The stronger the coupling field, the smaller the MR
interlayer coupling field peak. Since this interlayer couplingratio. MR is suppressed from about 16% to zero when the
peak does not oscillate with respect to the thickness of th€oFe-O NOL is inside the pinned CoFe layer. However, MR
cap layer, it cannot be interpreted by E8) within the frame  drops from 12% to about 5% if there is no CoFe-O NOL
of the free electron model. It is believed that it should beinside the pinned CoFe layer.

associated with the resonant exchange coupling because of The transport properties are in good agreement with the
the quantum-size effect and the interference of conductingnagnetic properties of the system. The magnetoresistance
electrons in the spacer and cap layer quantum wells. Due teffect is strongly correlated with the interlayer coupling. As
the confinement of the cap layer surface with an infinite ox-an example, Fig. @ showsMR-H curve for a SV with the

-+

t, (|=1m)

B. Abnormal enhancement of interlayer coupling in NOL SVs
with Al used as the cap layer
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FIG. 5. (& MR and H;,; as a function of the thickness
FIG. 4. (8 MR-H curves andb) M-H curves for a SV with of the spacer for a series of SVs with the structure
the structure of TagNiFe,/IrMng/CoFe/Ru,g/ CoFg/NOL/ of  Tag/NiFe,/IrMng/ CoFe/Ruy g/ CoFg/NOL/CoFeg 3/ Cu(t)/
CoFe 4/ Cu, 5/ CoFe ¢/ Al; o/AlIO (SV B) and a spin valve with CoFeg g/Al; o/ AlO (open circles are fof;,, and solid circles are for
the structure of T@NiFe,/IrMng/CoFe/Ruy g/ CoFg/NOL/ MR). (b) Plot of Hj; as a function of 12 based on the data plotted

structure of Tg/NiFe,/IrMng/CoFe/Ru, g/ CoFg/NOL/  M-H curves is quite different. That means the moment fluc-
CoFe 4/Cu, 5/ CoFe /Al ,/AIO (SV B), the thickness of tuation in the free laye(if there is any is not able to account

Al is about 1.2 nm, which is in the vicinity of the giant for ten times’ enhancement of thd;, observed in SV B.
interlayer coupling peak. So the interlayer coupling is about Basically there are three types of interlayer coupfihg,
220 Oe, and the MR ratio is very small, only about 1.6%.namely, “orange peel” coupling, domain wall exchange cou-
Figure 4a) also shows theviR-H curve for a SV with the pling, and quantum exchange coupling, which is due to the
structure of Tg/NiFe,/IrMng/CoFe/Ru, o/ CoFg/NOL/  electron confinement. The “orange peel” type ferromagnetic
CoFe 4/Cu, 5/ CoFe /Al / AIO (SV A); the thickness of coupling due to magnetostatic coupling arises due to interac-
the Al is about 1.6 nm, which is out of the giant peak rangefions between free poles which are setup at topographically
so the MR ratio is large, about 14.9%, and the interlayeiconformal, uneven interfaces. The strength of the “orange
coupling field is only about 20 Oe. To confirm the correla-peel” coupling is exponential decay with increasing thick-
tion between the interlayer coupling and the MR ratio, weness of the spacer. The domain wall exchange coupling is
have also measured théit-H curves as shown in Fig.(d).  caused by the interaction of the stray field generated from the
The inset of Fig. 4) shows the part of thi¥l-H curve inthe  domain wall of the free and pinned FM layers. However, the
range from —-200 to 1000 Oe. In the former case, the spirnterlayer coupling induced by the domain wall coupling is
orientation of the free layer and the pinned layer is stronglycharacteristic of the antiferromagnetic property, which is not
ferromagnetic coupled; thel-H curve is caused by the ro- the case observed in our experiments. The quantum ex-
tation of the free layer and the pinned layer together. But foichange coupling is the nature of the quantum size effect. One
the latter case, thil-H curve for the free layer is well sepa- of the characteristics of this type of exchange coupling is that
rated from theM-H curve of the pinned layer. The interlayer the strength of the interlayer coupling field should be in-
coupling field determined biv-H curves is in good agree- versely proportional to the square of the thickness of the
ment with the value determined Wg-H curves.H;, also  spacer. To this end, we have also fabricated a series of spin
depends on the moment of the free layer provided that thgalves with the structure of TaNiFe,/IrMng/CoFe/
interlayer coupling energy is a constant. The smaller the moRU, g/ CoFg/NOL/CoFeg 5/ Cu(t)/CoFe ¢/Al; ,/AIO by
ment of the free layer, the larger thé&,.. Look at theM-H changing the thickness of the spacer. Here the thickness of Al
curve shown in Fig. é). The total moment of the free and is fixed at 1.2 nm, around which the interlayer coupling is
pinned layers is almost the same for SV B and SV A withinnear to the maximum. As shown in Fig(a, the interlayer

our measurement accuracy although the feature of theitoupling field decreases while the MR ratio is gradually in-
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creased with increasing thickness of the spacer. If the intemf oscillations of the interlayer coupling can be interpreted
layer coupling field is replotted as a function of thetﬁ;lu/ as by the quantum interference effect of the wave functions of
shown in Fig. Bb), it is found thatH,, is linear to 1t%u. This  free electrons confined in the quantum wells of the spacer
indicates thaH, is inversely proportional to the square of and the cap layer. The resonant interlayer exchange coupling
the thickness of the spacer. This is exactly what the quanturoan take place when Al is used as the cap layer if the reso-
size effect predicates. With further increasing the thicknessant condition can be setup. Since the magnetoresistance is
of the spacer layer, the MR ratio decreases again while theorrelated to the interlayer coupling, magnetoresistance ef-
interlayer coupling is almost saturated. The decreasing of thiect is almost quenched at the thickness of the cap layer
MR ratio with increasing the thickness of the spa@ove where the resonant ferromagnetic exchange coupling takes
3.2 nm is probably due to the current shunting effect in theplace. Although it is unable to be explained by the free elec-
spacer. tron model, our experimental evidences show that it should
be attributed to the quantum size effect. From an application
IV. SUMMARY point of view, it needs to avoid such kind of strong ferro-
magnetic coupling between the free and pinned layers. But
In summary, very weak oscillations of the interlayer cou-from a scientific point of view, our experimental results have
pling with respect to the thickness of the cap layer have beedemonstrated that it can offer us an alternative way to ma-
observed in nano-oxide-added synthetic SVs although thaipulate the magnetic interaction between two ferromagnets
data are quite scattered due to the thickness fluctuation of treeparated by a metallic spacer just by engineering the wave
spacer and free/pinned FM layers in the samples. The origifunctions of electrons.
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