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A strong temperature dependence of the characteristic behavior of the interlayer exchange bias coupling was
observed in a ferromagnet/nonmagnetic metal/antiferromagnet trilayer sgst&tCu/NiFe. The oscillation
of the interlayer exchange bias coupling was found téheemallyassisted. At low temperature, the exchange
bias field decreased monotonically with the Cu spacer thickness. Increasing the temperature close to the Nee
temperature, the interlayer exchange bias field became oscillatory with the Cu spacer thickness. A simple
picture of the temperature-dependent competition between the RKKY-like coupling and the antiferromagnetic
coupling within the antiferromagnetic layer as well as the interlayer dipolar interaction is proposed to explain
these findings.
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The discovery of the long-range magnetic coupling be-as expected in an RKKY-like model for the FM/NM/FM
tween magnetic layers across a conductive spacer is one 8fstem, was, however, not found in this work.
the most important advances in low-dimensional magnetic Very recent works, in contrast to the finding in Ref. 12,

systems in recent years. At variation of spacer thickness, th€pPorted nonmonotonic variation of the exchange bias field

. . 14
interlayer coupling between two ferromagnetic layers beWith the nonmagnetic spacer thicknéss? The nonmono-

: . tonic behavior found in Ref. 13 was attributed to the inter-
haves oscillatory and alternates between ferromag(ielit ;
and antiferromagnetidAF) coupling2 The RKKY-like face roughness. The one observed in Ref. 14 revealed an

. _ . oscillatory evolution, however, superposed with a strong
models have been successfully used to explain this oscillgs, o notonic background, and had a monolayer oscillation pe-

tory behavior of the interlayer coupling by considering theyjog. The effect due to the interface roughness, however, can

interference of the conduction electrons of one magneti¢ot yet be completely excluded. The contradictory results in

layer with those in another magnetic layer across the FernRef. 14 and Ref. 12 and the physical origins which deter-

surface of the spacéf* Up to now, this kind of the interlayer mines the characteristic behavior of the interlayer exchange

coupling has been intensively studied in experiment as welbias coupling still needs to be clarified.

as in theory and is basically well understood under RKKY- In this communication, we presentthermally assisted

like picture. oscillatory nature qf the long-range e>_<cr_1ange bi.as coupling
On the other hand, the physics of the magnetic coupling*¢'9SS nonmagnetic spacer Cu at variation of thickness. The

between AF and FM layers is more complicated as compare%sc'"atory behavior of the interlayer exchange bias coupling

to the former one. The direct coupling between AF and FM strongly depressed at low temperature, and the exchange

I . EM/AE bil A I lled bias field became monotonic decaying with the spacer thick-
e;]yers mb_an i |ayr?r ;ys erln reveais 3d§9—cale %).(hess. The finding of the significant temperature dependence
change bias coupling, which results In an additional unidi-q|,rifies the contradiction in the previous studi#®* It also

rectional anisotropy, leading to a shift of the magnetic hySygjicates a temperature-dependent competition mechanism,

teresis Ioops.' The physical origin qf the exchange. biagn which the interlayer RKKY-like coupling competes with
coupling was firstly assumed to be a kind of nearest-neighboe effective AF coupling within the AF layers and the inter-
or short-range exchange coupling at interf&€é/ost previ-  |ayer dipolar interaction, and dominates the behavior of the
ous studies indicated a strong dependence of the exchanggterlayer exchange bias field at temperatures close to the
bias field on the interface spin structure. These are, for exNed temperatureTy of the AF layer.
ample, a spin-flop interface statas well as existence of a The magnetron sputtering system with a base pressure
domain walf for positive exchange bias field in FefFe?  lower than 3x 107 torr was used in 2 mtorr Ar working
effect of interface roughness? the relative orientation of pressure for deposition of the FM laye&00 A NiFe), Cu
the FM and AF spin at interfacd,and effects of the tem- layers and AR(100 and 250 A NiQ layers on the $110)
perature and cooling field on the surface spin structure of theubstrate, using DC and RF power sources for conductive
AF layer!? and nonconductive layers, respectively. The thickness of the
A pioneer experimental study has, however, indicated thalayers was carefully calibrated by quartz thickness monitor
the exchange bias field is a kind of long-range interactionand Detak surface texture probing system, and was, in par-
which may extend, in a way of exponential decay, severaticular for the Cu spacer, well controlled within 10% devia-
tens of A, depending on the spacer material or most likelytion of the desired value for each deposition. The thicknesses
specific electronic structure in natufeAlthough this finding  of the NiO layers were intentionally chosen to be 100 and
indicated that the FM layer may correlate with the AF layer250 A, which have differenty (~200 and~350 K esti-
via the conduction electrons across the nonmagnetic condugaated from the blocking temperatuyedue to the finite-size
tive layer, an oscillatory behavior of the exchange bias fieldeffect®
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FIG. 1. Hysteresis loops taken at 20 K for the 100 A NiO/X
Cu/100 A NiFe withx=3 and 10 A after the 1000 Oe field cooling
procedure.

The magnetic hysteresis loops were obtained by a super-
conducting quantum interference device. Before magnetic
measurements, the sample was first cooled under an external
field 1000 Oe from 300 Kor 360 K), which is above th&
of the 100 A(or 250 A) NiO, down to the desired measure-
ment temperature. The 1000 Oe cooling field is high enough

to form a well ordering of the AF layer. -160 ™5 10 20 30

Figure 1 shows the representative examples of the hyster-
esis loops taken at 20 K for the 100 A NiO/X Cu/100 A NiFe
with Cu spacer thickness=3 A, and 10 A after the 1000 Oe  FiG. 2. (a) The H, values for 100 A NiO/Cu/100 A NiFe as a
field cooling procedure. A significant shift in all hysteresis function of the Cu thickness at various temperatures of 20, 70, 100,
loops from theH =0 is observed. 145, and 200 K. The inset includes the same data, however, in a

In Fig. 2(a), the values of thél,, at different temperatures different scale for a clear presentation of their characteristic behav-
of 100 A NiO/Cu/100 A NiFe are depicted as a function of ior. (b) The same as ifa), but for 250 A NiO/Cu/100 A NiFe at 70,
the spacer thickness. T, measured at 20 K behaves as a 145, 200, 275, 320, and 350 K. Note that the significant oscillatory
long-range interaction, decreasing monotonically with in-behavior appears at higher temperature for 250 A NiO due to the
creasing Cu thickness, and vanishes above 25 A. This findingigher Ty (~350 K) as compared to 100 A NiOT(~200 K).
agrees well with the previous finding in Py/Cu/CoO
systems? The characteristic behavior of the evolution of theindicated above, consistent with that in FM/NM/FM
H. with the spacer thickness changes, however, significantigystem**~8In our case, the in-phase and out-of-phase inter-
when the temperature varies. It should be noted that eaderence between FM and AF layers, which are corresponding
measurement at a certain temperature possesses its own figddthe FM and AF coupling in FM/NM/FM, respectively,
cooling procedure, and is independent of the measuremenisust give the differenfopposé contribution to theH,. Itis,
at other temperatures. Starting with the temperature 70 K, theowever, hardly to explain the half periodicity ML) or the
H. becomes oscillatory with Cu thickness. This tendencycos(2rd/\)| dependence of thid, as reported in Ref. 14. As
increases with increasing temperature. At 145 K, which iswill be discussed below, a temperature-dependent measure-
close to theTy, an evident oscillation, without any back- ment could be helpful for checking the possible effect of the
ground subtraction, of thid . value is observed for the thick- interface roughness on th&,, which may also oscillate with
ness range between 3 and 14 A, indicating an oscillator§ilm growing in a period of monolayer.
interlayer bias coupling. The period of the oscillation counts  For the samples with 250 A NiO layer, as shown in Fig.
for about 11 A, which is consistent with the long period in 2(b), the H, reveals a similar characteristic behavior. The
the interlayer exchange coupling in Co/Cu/Co as well as Fedscillation period11 A) is the same as that with 100 A NiO.
Cu/Fe(Refs. 16 and 1j7and in the magnetoresistance oscil- It should be noted that the temperature range, in which the
lation for Co/Cy100) multilayers® This indicates that the oscillation appears, is shifted to higher temperature. This is
characteristic behavior of the oscillation for both FM/ due to the highelly for the 250 A NiO layer as mentioned
NM/FM and FM/NM/AF systems can be traced back to theabove. It is clear to see for both NiO thicknesses, that at low
same origin in electronic structure specified by the spacetemperatures, the oscillatory behavior is suppressed. Tem-
materials. For Cu thickness larger than 14 A, Hhgof the  perature here plays a crucial role for the interlayer exchange
NiO/Cu/NiFe becomes too small to observe any characterissias coupling. The oscillatory behaviortisermally assisted,
tic behavior. Increasing the temperature up to 200 K,Hhe and more significantly, emerges only within the temperature
vanishes for all Cu thickness, reaching thg of the AF  range close to th&y.
layer. The finding that theH . oscillation isthermally assisted

Different from the half value of the short exchange cou-excludes also the doubt if tHextrinsig effects of the inter-
pling period found in Ref. 14, the period observed here is, agliffusion and interface roughness cause the oscillatory be-

Cu thickness (A)
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T T T T tween Sy and Sap. Jinte(T,d), a long-range coupling,
depends on the temperature and the spacer thickhéelse
3A effective AF couplingJ,e(T) includes the temperature de-
pendence due to the thermal fluctuation of the surface spin in

150 F

1003‘

g the usual form, such as the Brillouin function in the classical
= " ferromagnet. For thed=0 A, the J,./(T,0) becomes
:|:_° Jar_em(T) (the interface coupling between AF and FM

sof 8 A sping, while theJ,((T) is the AF coupling between two AF
: spins, as suggested in Koon's model.

The long-range interlayer couplindj,., may have two
different physical origins. The first one is the RKKY-like
interlayer coupling mentioned above. The second possible
source of the interlayer coupling is the dipolar interaction or

FIG. 3. TheH, values of the samples with 3 and 8 A Cu spacer magnetostatic couplindq;,, which critically depends the
as a function of temperature. The data 8dA is fitted linearly. The  net AF surface spin due to presence of the surface or inter-
solid line for 3 A serves as an eye guide only. face roughness. The temperature dependendg ofs attrib-

_ ) ) uted to the thermal fluctuation of the magnetic moments of
havior. Since the interface morphology should be unchangeg,e A layers at interface and FM layers. The presence of the

within our measurement temperature range, the oscillatiop, ,ghness at interface gives a nonzero contribution to the
should be found at all temperature investigated if it is really

. . e . > =% Jeoupling, which may be comparable to the RKKY one
induced by the roughness or interdiffusion. Our finding is 20-23 ; P .
clearly not the case, and should be due to the intrinsic pro Urkky)- A detailed estimation on the strength of dipo

: . ) Par interaction needs however further information on the in-
erties as mentioned above. In fact, the exchange bias can ?@rface roughness
rgally enhanced in a diluted a-muferrg@magnets, however, only The T dependence O:ﬂ_RKKY is, howeyer, more compli-
with its volume part, but not interface. cated, and has been attributed to two different origfrighe

In order to pick up the temperature-dependence featurgirst one derives from the disordering of the spin moments. It
the He of the samples with 3 ah8 A spacer, which are has been shown that, for thicker FM layers of the FM/
corresponding to the minimal and maximal points of the os{\Mm/EM system, the RKKY-coupling decays almost linearly
cillation in Fig. 2a), respectively, is depicted as a function of 5ng slowly with T near theTc,?® while with TInT for a
temperature in Fig. 3. It is easy to see that they reveal sigmonolayer limit?® The second one is caused by the intrinsic
nificantly different temperature dependence and have a crossgependence of the electronic structure of the layers due to
point at~85 K. The data for ta 8 A can be fitted well smoothing out the step feature of the Fermi distribution at

linearly, while being more complicated for the 3 A. _finite temperature&"?’ Since thed determines the oscillation
As mentioned above, the behavior of the exchange bia;

L : . i i §mplitude of the periodic term in th&kxy, the Jrkky at
field is often traped back to thE.’ Spin configuration or MICIO~y ariousd gives, therefore, different contribution to tlkg,,
structure at interface, which may be temperatur

dependent! Nevertheless, different from the AF/FM bi- eIeadmg to the differenfl dependence of the interlayer ex-

. . i . change bias coupling, as shown above in Fig. 3. This makes
Ia_yer, the Spin conflguratlpn at interface of thg FM/NM/AF also theT dependence of the interlayer exchange bias cou-
trilayer is not only determined by the AF coupling or intrin-

. . o pling more complicated as compared to the interlayer cou-
sic spin structure within AF layers, but also affected by the ling in EM/NM/FM systems, and still requires further the-
long-range interlayer interaction across the spacer with th S o :

FM layer. The characteristic behavior of the exchange bias retical input for the quantitative understanding.

. . . To explain our findings qualitatively, we may now pro-
field should be thus attributed to both AF and interlayer COUL0se a simple picture, in which the ., competesempera-

plings. ture dependently withdy, and Jag. The Jgyky decays

weT(?ogtsJitgg; chfg/er,\f/tg,(f tfrciJI;ugfgrssiaerr]r?l\?vgiithogrgl)nndsl?agrfts'ow'y with the temperature. At high temperatures close to
Yer sy the Ty, it may overcome botly;, and Jag couplings, and

FM thl_cknesg _and magnetization, in which t_he anISOtrOIOICtherefore theH, become oscillatory with the spacer thick-
effect is negligible, and the FM layer magnetically homoge-

. ness, as found above for both series of samples.
neous. We may express the enekgyof the exchange bias
X : On the other hand, at low temperatures, dhe and Jy;
system in a simple model as follows, p

are dominant, and the oscillatory behavior due toXReky

Ep=Jinter(T:d)SemSar i+ Iar(T)Sar 1Sar s (1) is suppressed. The mechanism of_ the competition between
' ' Jrkky @andJyi, as well asl¢ determines thus the character-
where Sgy, is the spin of the FM layerSyg; the effective  istic behavior of the interlayer exchange bias fielgl. This
uncompensated spin at interface, which participates in thelso clarifies the contradiction in the previous studfe¥,
exchange bias interaction with the FM lay8gr the neigh- and explains the absence of thk oscillation for the Py/
bor spin within the AF layer);., the effective interlayer spacer/CoO sample in the previous wofkin which the
coupling between the FM and AF interface layérs., Sgy measurement temperatui@0 K) could be too low with re-
andSag i), Jar the effective antiferromagnetic coupling be- spect to thel (290 K) of the CoO AF layer.

50 100 150 200
Temperature (K)
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Finally, besides the simple picture above, one seems natoupling with the AF coupling rather than with the direct
to be able to completely exclude the possibility that the in-coupling of the FM layer in the pinholes.
terface could somehow affect the temperature-dependent be- In summary, only at temperatures close to Thg a sig-
havior of the interlayer coupling through the probable preshificant oscillatory interlayer exchange bias field for the
ence of the pinhole. The NiFe in the pinholes could be highlyNiO/Cu/NiFe structure with the Cu layer was observed. The
magnetic at low temperature and the direct exchange bia@scillation was strongly depressed when lowering the tem-
mechanism may thus overcome the RKKY coupling, whilePerature. The significank dependence of the interlayer ex-
at high temperature, the RKKY-coupling dominates becaus&hange coupling is believed to be due to fhelependent
NiFe in the pinhole is only weakly magnetic. NeverthelessCOMPetition between the RKKY-like coupling and the AF
as indicated above in Fig. 2, the temperature range associat§guPling within the AF layer as well as the interlayer dipolar
with apparentd,, oscillation for the trilayers with 250 A NiO ;gﬁgﬁt;?&eogrngngl'ggg'?ﬁécifn::‘ae dzgg?;tz?év?gﬁgt r(()afptc?r(tas
is much higher than t_hat Wlth 100 A NiO. Since the th|cknesson the interlayer exchange bias coupling.
of the FM layer and in turn it - was kept unchanged, the
enhanced temperature range for thg oscillation found in This work was supported by National Science Council of

Fig. 2b) is thus most likely attributed to the high&y of the  Taiwan under Grant No. NSC 89-2119-M-002-014 and by
AF layer, in consideration of the competition of the RKKY the Topic Project of Academia Sinica.
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