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Correlation between antiferromagnetic interface coupling and positive exchange bias
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The induced moment in antiferromagneifd-M)—ferromagneti¢FM) (FeF-Fe and Mnk-Fe) bilayers has
been studied from the shift along theagnetization axisf the exchange-biased hysteresis loops. The magne-
tization shift depends strongly on the cooling field and microstructure of the AFM layer. The shift for small
cooling fields can be opposite to the cooling field, indicating that, in some cases, the presence of the FM layer
induces arantiferromagneticcoupling at the interface. Samples with negative magnetization shiftgerro-
magneticcoupling exhibit large changes in exchange bidg as a function of cooling field angositive
exchange bias. Samples with positive magnetization stiétsomagneticcoupling show almost no change in
Hg with cooling field and the exchange bias field remains always negative. These results confirm the theoret-
ical assumption that aantiferromagnetidnterface coupling is necessary to obsepasitiveexchange bias.

Exchange bias is the shift of the hysteresis loop along the=275-375°C (Mnk), while the Fe layers were always
field axis in systems with ferromagnetic(FM)—  grown atTs=150 °C. Finally, the bilayers were capped by 5
antiferromagneti¢AFM) interfaces’ This shift is induced by nm of Al at a rate of 0.05 nm/s &ts=150°C, to prevent
a unidirectional exchange anisotropy created if the FM/AFMoxidation.
system is cooledor grown in a static magnetic field, below The magnetic measurements were carried out using a su-
the Neel temperature of the AFMI-° As shown earlier, large perconducting quantum interference device magnetometer.
cooling fields affect the exchange bias field in unexpected’he samples are cooled from 120 Kbove Ty(FeR)
and interesting way¥'! For example, FeFFe and =78.4 K andTy(MnF,)=67.3 K] to 10 K in the presence
MnF,-Fe bilayers cooled in a large field exhibit hysteresisof various cooling fields l,c=0.1-70 kOe). Hysteresis
loop shifts in the direction of the applied fielde., positive  loops betweent 10 kOe were measured &at=10 K after
exchange big$ %! contrary to what is observed in most each field cooling. To compare with other systems the ex-
systems. It was proposed that a necessary conditiopdsir  change bias is given as an interface enetgytryM em,
tive Hg is an antiferromagnetic coupling at the FM—AFM wheretgy, andM gy, are the thickness and the saturation mag-
interface®%~*° Unfortunately, a direct experimental obser- netization of the FM layer, respectively. The net induced
vation of this coupling is difficult. Different exchange bias moment is obtained from high accuracy {0 kOe) magne-
theories predict the formation of AFM domaitfs®canting  tization measurements with the FM layer fully saturated
of the AFM spinst? uncompensated spins in the AFVIor ~ [He(T=10 K)~0.1 kOd.
the formation of domains in the FRP:?! In addition, Fek Generally, the absolute values of the magnetic moments
and Mnk are piezomagnetit’?>%3 Most of these effects at H=—10 kOe andH=+10 kOe, for the same cooling
should result in a “net” moment in the AFM or FM layers. field, are different, i.e., the loop is shifted in the magnetiza-
In this paper, we discuss the relationship between this intion axis. Note that with the present data we cannot deter-
duced moment and interface coupling. We show that if themine if the origin of the induced moment is a surfdoger-
coupling is antiferromagnetic the sample exhibits positive face) or a bulk effect in the AFM or FM layers, i.e., it is not
exchange bias for large cooling fields, as proposedlear what normalization to use/A (moment per aréa
theoretically?12-14:15.20 m/V agm (Moment per AFM volumpeor m/Vegy, (moment per

To obtain a range of interface couplings, a number ofFM volume. For illustrative purposes we have assumed that
FeR-Fe and Mnk-Fe bilayers were grown at different sub- the induced moment is an AFM volume effect, thMsg
strate temperaturesT §=200-375°C) and different AFM =m/V g, . This “upwards” or “downwards” shift of the
thicknesses thgy="50-200 nm)>*?* The growth of the hysteresis loopNlgni) has a maximum of about 1% of the
FeR-Fe and Mnk-Fe bilayers on MgQL00 has been de- total magnetization for FeFFe.
scribed elsewhert:?* Briefly, the different layers were It is noteworthy that uncompensated moments have been
grown by sequentiale-beam evaporation of FgFor  found in CoO layers®? However, for sufficiently high
MnF, (taew at arate of 0.2 nmjsand Fe(15 nm at a rate of  fields, these spins are found to align with the applied ff2ld,
0.1 nm/3. In the case of Mnfa buffer layer of Zng was  thus they should not, in principle, induce a vertical shift in
grown at Ts=200°C to improve the crystallinity of the AFM-FM exchange biased films.

AFM layer. The AFM layers were grown at a substrate tem- As shown in Figs. (b) and 2Zb), Mg, depends strongly
perature in the rangeTs=200-300°C (Fef) or Ts  on the cooling field. For small cooling fields it is upwards or
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smalldownwards M, [Fig. 1(b)] is correlated with a large
FIG. 1. Dependence dB) the exchange bias interface energy, cooling fleld c_iependence dfe together with positive ex-
HetemMeyw, and(b) the shift in the magnetization axi) gpig 0N change biaFig. 1(a)]. . . .
the cooling field,Hc, for a FeR(200 nm)—Fe(15 nm-Al (5 The dgpendence of the total change |n.exchange b[as with
nm), where the Feflayer was grown aT =300 °C. co_ollng f|eld_A(HEtFMl\_/I FM)_ on the low cooImg field vertical
shift, M2y, is shown in Fig. 3A(HgtgyMgy) is largest for
downwards depending on the microstructure of the samplée samples that exhibit negatihég, . Whereas, samples
[see Figs. (b) and 2b)]. For large cooling fieldMgpy is ~ With MZ,x=0 have only a moderate change in
always upwards. It is noteworthy that single Fdifims also ~ A(HgteyMpey). On the other hand, samples with positive
show a shift along the magnetization axis, whichaiways M2,;; show almost no change iHg for any cooling field
upwards, independently of cooling field. [i.e., A(HgtgyMgm) ~0]. As can be seen in Fig. 4, similar
The correlation between the lowHgc=0.1 kOe) field trends were observed in MgfFe. However, the small verti-
vertical shift M2,) and exchange bias is striking. A large cal shifts in this systenfin the range of 108-10 7 emu)
upwardM g, [Fig. 2(b)] is correlated with a slight cooling make the analysis more difficult.
field dependence oHg [Fig. 2a)]. On the other hand, a A shift upwards indicates that the induced moment is in
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FIG. 2. Dependence df) the exchange bias interface energy, FIG. 4. Dependence df) the exchange bias interface energy,
HetemMew, and(b) the shift in the magnetization axi®) g On HetemMem, and(b) the shift in the magnetization axi®] gy, ON
the cooling fieldHg¢, for a FeR(100 nm—Fe(15 nm-Al (5 nm), the cooling fieldHgc, for a MnF(85 nm—Fe(14 nm—Al (5 nm),
where the Feflayer was grown af =200 °C. where the Mnk layer was grown aTs=275°C.
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the direction of the cooling field, whereas a downwards shiftsign and magnitude of the coupling. Both types of couplings
implies that the induced moment is in the opposite directioninduceHg at low cooling fields, however, only antiferromag-

In this second case, for small cooling fields, the Fe layehetic coupling changes the sign ldf at large cooling fields
forces the net magnetization of the AFM/FM bilayer to be (“positive” Hg). Hence, at present, a more quantitative un-
opposite to the cooling field. At large fields, the overall mag-derstanding of the correlation between the shift along the
netization of the FM layer is always in the direction of the magnetization and field axes in exchange bias systems is
applied field, therefore a downward shift indicates that theyifficult.

coupling between the FM and AFM layers has toangifer- Most exchange bias models ignore the possibility of ver-

romagnetic . __tical loop shiftst®~*8123%xcept a model that postulates the
Two cases must be considered; large and small cooling, .. ¢ EM domain€® However. as discussed in the
fields. For large cooling fields the interface coupling is over-. . ' oo

come, thus the AFM layer behaves independently from th |_ntroduct|on, most models could indirectly account for a ver

FM layer and the shift is always upwards, i.e. a moment igﬂcal shift. Unfortunately, due to the similar behavior dis-

induced in the direction of the cooling fieldimilar to what plaéed /b\)// the(vertlcaltshlftAlrlll\;ermls OQ/Ad(mR/merEt per
is observed for single FgRilms). It is noteworthy that the 2% M/ Varm (Moment per volumeandm’Vey (mo-
negative to positiveHg and the upwards to downwards ment per FM volumgwe are unable to discriminate between

M i transitions occur at different fields. This is due to the'® diferent modess. =
intrinsic upwardsshift of the Fek layer, which added to the '

interfacial effect causes the crossoverhty,; to move to exchange biased Fgfre and Mnk/Fe by a "vertical”
. . - hift : ) shift of the hysteresis loop. This magnetization shift is re-
lower fields. The sign of the shift for small cooling fields

depends on microstructur@e., growth conditions of the lated to the coupling at the interface, with downwards shifts

11,24 . indicating antiferromagneticcouplings at the interface. The
':rifl\t/ls 'axﬁgrfargofgﬁ sar?]arlgzleesxrtl?t:? tgsnﬁ/\;e th?fgt]:t'\llzeo'r[ype of coupling at the interfacdéerromagneticor antiferro-
' ; i gh samp P L magneti¢ determines the large cooling-field behavior of the
small cooling fieldsHg (i.e., standard exchange bjasnd . . i
. ) exchange bias, however for small cooling fields has a
the sign of the shiffupwards or downwardsare uncorre- : . :
o o . . complex dependence with the coupling sign.
lated. This is not surprising, since under normal circum-
stancedH g depends on the strength of the interface coupling I.K.S. thanks H. Suhl, T. M. Hong, R. Portugal, M. Kiwi,
but not its sign. and R. Ranrez for interesting and illuminating conversa-
Due to growth inhomogeneities the coupling is probably ations. This work was supported by the U. S. Dept. of Energy
mixture of antiferromagneticor ferromagneticinteractions. and the Spanish DGESEI®IAT98-0730. J.N. thanks the
Whereas the magnetization shift is given by the average oBpanish Ministerio de Educacioy Ciencia for its financial
both interactionsHg has a more complex relation with the support.
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