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Exchange coupling in the paramagnetic state
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Exchange coupling has been observed in a ferroma(ffidj/antiferromagnetAF) bilayer with Curie
temperature Tc) <Neéel temperature ) in the regime ofT<Ty, even when the FM layer is in the para-
magnetic state. The exchange fiéld and coercivityH of the coupled bilayer show completely different
temperature dependence from conventional FM/AF bilayers With- Ty, . With increasing temperaturé]
vanishes af -, whereadH persists toTl . The results show that the exchange coupling can be established in
FM/AF bilayers regardless of the relative valuesTef and Ty . [S0163-182699)08525-3

Exchange coupling between a ferromagffeé¥) and an  new insight into the elusive mechanisms of exchange cou-
antiferromagnetAF) has attracted a great deal of attentionpling and are relevant to applications of exchange coupling
recently due to the elusive mechanism for the FM/AFin spin-valve devices.
coupling~°and the prominent role that exchange bias plays Most of the AF materials with which FM/AF exchange
in spin-valve field sensing devicéSWhen a FM/AF bilayer, coupling has been established, have relatively low values of
with the Curie temperaturel¢) of the FM higher than the Ty, such as FeMn =493 K), CoO (Ty=291 K), and
Neel temperature Ty) of the AF, has been field-cooled NiO (Ty=525 K). The values off - for common crystalline
acrossTy, an exchange bias is set in. The resultant hysterFM’s such as Fe, Co, and permalloy are several hundred
esis loop of the FM is now shifted by an amount termed thedegrees higher than those valuesTgf. On the other hand,
exchange fieldKlg), accompanied by an enhanced coerciv-the values off - of many amorphous FM alloys can be tuned
ity (H¢). In almost all cases thus far reportdd, has always  within a wide range of values by altering the composition as
been much higher thahy . During field cooling acros3y, facilitated by the noncrystalline structure. For examflg,
the FM layer is in the single-domain state while the ex-of amorphougFe-Ni)goB,ocan be tailored to any value from
change coupling is being locked in. In these exchange40 K to over 600 K by changing the relative composition of
coupled FM/AF bilayers, the resultant valuestbf andH: ~ Fe and Ni¥*'* Previously, we have chosen the FM
always decrease with increasing temperature URil at  a-FeNi;,Byy (Tc~240 K)/AF CoO (Ty=291 K) system,
which He=0 and H reaches the value for a single un- with the T¢ slightly below theTy.'? In this work, we em-
coupled FM layer. These well-established experimental factployeda-FeNi;¢Bsg (T~ 150 K) and CoO to examine fea-
indicate that the AF ordering and the valueTgf, which is  tures in exchange coupling withc<T\.
the lower of Ty and T, dictate the characteristics of the ~ Amorphous FgNi;¢B,, a soft FM with square hysteresis
exchange coupling. It has been generally acceptedThat loops, can be readily fabricated by sputtering. Antiferromag-
>Ty is a prerequisite for establishing FM/AF exchange counetic CoO has a conveniefiy near room temperature. In
pling. Indeed, virtually all theoretical models of exchangeaddition, the so-called blocking temperatui®s), at which
bias have assumed the condition B§>Ty and have fo- Hg=0, is virtually the same a$y in CoO, whereas in NiO
cused on the AF ordering, the AF domains, and their interand FeMn one has the complication tfiat is much lower
actions with the FM layet>4° than Ty. Single layers ofa-FeNi;¢B,, and bilayers of

Recently, we have demonstrated exchange coupling in aa-Fe,Ni,¢B,, (300 A)/CoO (250 A) were fabricated in a
FM/AF bilayer with T¢ near butlessthanTy.** The inverse  multi-source sputtering system with a base pressure of 5
dependence oHg andHc on the FM layer magnetization x 10 8 Torr onto room temperature Si substrates. Magnetic
Mg, previously predicted theoretically, has been experimenmeasurements were made by a vibrating sample magnetome-
tally observed. The exchange coupling has been shown ter (VSM) with a field of 12 kOe and a SQUID magnetome-
persist toT>Tc until Ty. However, because of the proxim- ter with a field of 50 kOe.
ity of Tc and Ty, induced FM ordering by the AF ordering The temperature dependence of magnetization of
also occurs af>T., complicating the observation of the a-FeNi;¢B,, illustratingT-~150 K, is shown in Fig. 1 for
intrinsic temperature dependence g and Hc. In this  external fields of 5 and 500 Oe. The hysteresis loop of a
work, we have studied an FM/AF bilayer witic much  single 300 Aa-FeNi;¢B, layer at 80 K is shown in Fig.
lower than Ty, a hitherto unexplored regime where the FM 2(a), exhibiting a square loop with a small coercivity of only
ordering is absent when the exchange coupling is being e®.4 Oe, which are characteristics of a soft FM. However, a
tablished. We have observed exchange coupling in this sysilayer of a-FeNi;¢B,o (300 A)/Co0 (250 A), field-cooled
tem, which persists well into the paramagnetM) state in a field of 10 kOe to 80 K, shows a shifted hysteresis loop
(T>T¢). The behaviors oHg andHc in such a system are with large values oHg andH, which are clear signatures
very different from those in the traditional systems with  of exchange coupling. The hysteresis loops measured at suc-
>Ty, as well as that witfT¢ nearTy . These results provide cessively higher temperature from 80 to 290 K are shown in
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FIG. 1. Temperature dependence of magnetization of a single 10(') 9'0 150 2}0 3éo

a-FeNi;¢B,g layer at 5 and 500 Oe.
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Figs. 4c)—2(h). At higher temperatures, the coercivity pro-  FIG. 3. Angular dependence of exchange fidld and coerciv-
gressively decreases and vanishes figar Most strikingly, ity Hc of a-FeNiz¢By, (300 A)/Co0O (250 A) at 80 K (solid sym-
the collapsedloop atT> T continues to be shifted with an bols) and 180 K(open symbols

exchange fieldHg, which first increases to a maximum be- . . .
T<Tc in a bilayer wherel ¢ is much less thaity, but also

fore decreasing progressively to zero at 290 K, of o
g prog y The t T>Tc, when the FM layer is in the PM state. Note that

Co0. Thus, we not only have observed exchange coupling & '=lc i i
this is different from the previoua- FegNi;,B,o/CoO system

with T slightly below Ty, where the persistence of the
o gip—— exchange coupling abovk: is manifested by a shifted hys-
!
‘

100 b
® ® teresis loop with substantial coercivity due to the short range
FM ordering.
bilayer To more firmly establish exchange coupling in this un-
80K (ZFC) usual situation, we have measured the angular dependence of
: the exchange coupling in a procedure described elsevhere.
@ By directing the external field at various angles with respect
to the anisotropy axis imposed by field cooling, one can de-
termine the angular dependence b and H-. We have
y bilayer performed these measurements at JothT. andT> T for
] 80K (F0) 120K the exchange-coupled bilayer. As shown in Fig. 3, at 80 K,
© e Hg andH¢ exhibit fche expected unidirgctional and uniaxial
/‘"’" symmetry, respectively. At 180 K, whilel; already van-
ishes to zeroHg retains the unidirectional symmetry. These
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The temperature dependence ldf and Hc, obtained

@ / S from the hysteresis loops shown in Figgc)2-2(h), are pre-

sented in Fig. 4. A number of striking features are evident.
0 < e First of all, Hg and the enhanceld - do not both vanish at
/ bilayer bilayer Ty, completely different from what has been universally ob-
5} ‘ 2e0K FO) . . 260K (F0) served in bilayers witil ->T) . Instead, whileHg vanishes
-800 150 0 150 300-300 -150 0 150 300 at Ty, Hc vanishes at a lower temperature ndgr. This
Field (Oe) indicates vividly that in exchange-coupled FM/AF bilayers,

the exchange field is dictated by the AF ordering, but the
FIG. 2. Hysteresis loops of a single layaFe,Ni-¢B,, at 80 K Coercivity, although significantly enhanced by the exchange
(@ and a bilayer ofa-Fe;Ni-¢B, (300 A)/CoO (250 A) at 80 K coupling, is intrinsic to the FM ordering. Most importantly,
after zero-field cooling to 80 Kb), after field cooling in 10 kOe to  the collapsed loop continues to be shifted fréts=0 at T
80 K and measured at 80 (€), 120 K(d), 150 K(e), 160 K(f), 220  >T, i.e., the exchange coupling persists when the FM layer
K (g), and 290 K(h). is already in the PM state.
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FIG. 4. Temperature dependence of exchange figlcand co- L. .
ercivity He of a-FeNi-¢Bo (300 A)/CoO (250 A) after field cool- 0 1020 3 40 50
ing in 10 kOe to 80 K. Cooling field (kOe})

FIG. 5. The values of exchange fiditk and coercivityH at 80
K of a-FegNi;B, (300 A)/Co0 (250 A) after cooling from 300 K
under various cooling fieltH ., -

It is noted in Fig. 4 that, whileH- decreases monotoni-
cally with temperature and reaches the terminal value-at
Hg shows a sharp rise nedi; before decreasing towards
zero at Ty. These results are different from those of
a-FeyNi;,B,,/CoO system where botHg andHc show a  which already exists aly, has been featured in all theoret-
peak neafT .12 The peak feature dfi¢ in both systems is ical models as a necessity for establishing the unidirectional
due to the inverse dependencetbf on the FM layer mag- anisotropy in the AF. The magnitude of the cooling field
netizationMg at T<T.. As temperature is increased to- (Hcoo) is Of little consequence o once the FM is aligned
wardsT¢, the diminishingM £ causes an increaseldf-. At in the single-domain state using a modeéft,.*® In the
T>Tc, asTy is approached; g must decrease towards zero previous case of ¢ near but less thaity, the short range
due to the diminishing AF ordering. The behaviorkb§ in FM ordering induced by the applied magnetic field facilitates
a-FgNi;,B,,/CoO anda-FeNi;¢B,,/Co0 are very differ- the establishment of the exchange coupling. Once estab-
ent. Ina-FeyNi;,B,,/Co0 systemH is complicated by the lished, the exchange coupling persists ifite T¢ as certain
induced short range FM ordering @t>T. becauseTc is  FM ordering is still preserved by the neighboring AF layer,
close toTy .12 In the presena-Fe,Ni;¢B,,/CoO system with  until T approachedy . In the present case Gic<Ty, the
a much loweiT¢, Hc vanishes al ¢, demonstrating clearly key question is the establishment of the exchange coupling
that H is intrinsic to the FM ordering. when the FM layer is still in the PM state. It is natural to

Additional measurements have been made to elucidate trexpect that the induced magnetizatioM ) in the PM
establishment of the exchange coupling in the PM statdayer to play a similar role as that of a FM layer in pinning
When the bilayer was zero-field cool¢dFC) to 80 K, the  the AF layer. The value ofi . is now expected to play a
hysteresis loop exhibits a largll: but no exchange field, as crucial role atTy because any induced magnetization can
shown in Fig. 2b). The large value oH. indicates that only result from a nonzerbl .. It is therefore of interest to
exchange coupling has already been set in, but without thivestigate the dependence of the resultant exchange cou-
unidirectional anisotropy, which has not yet been definedling on the magnitude o, during field-cooling across
without field cooling. In another measurement, when the bi-Ty . Experimental results show that, at 290 K, which is much
layer was field-cooled fronT>Ty under a 10 kOe field to higher thanT¢, the inducedM py is small and increases with
220 K, a shifted loop with ndd., same as that shown in H¢eo Unabated without saturation. For small valuesdHgf,,

Fig. 2g), was observed. We have also field-cooled the bi{(e.g., less than 10 kQgethe inducedMpy, is proportional to
layer at 10 kOe to 220 K, turned off the field, and cooled theH . If this inducedMpy were to establish the AF spin
bilayer in zero field from 220 to 80 K. At 80 K, we obtained structure that gives the strength of the exchange coupling,
the same hysteresis loop as the one shown in Ky, @hich  one might expecHg to scale withMpy, and hence follow

is for a sample field-cooled at 10 kOe to 80 K without inter- roughly with H.,,. Moreover, sinceMpy cannot be satu-
ruption. These results indicate that the exchange couplingated withH,,, neither wouldHg. Instead, the observed
has been locked in &y beforethe FM ordering has been Hg depends much more strongly éth,,,, as shown in Fig.
established. Once established, subsequent cooling of tHe It initially increases rather sharply with..,, then levels
sample, with or without a field, does not alter the exchangeff to a constant foH ., larger than 10 kOe. This indicates
coupling. that a PM with a modest induced,, could achieve the full

The microscopic origin of exchange coupling in general isstrength of the exchange coupling without the necessity of a
the unidirectional anisotropy frozen in the AF spin structure fully aligned FM state as assumed in all theoretical models.
once the FM/AF bilayer is field-cooled acro$g.'>*°In The emerging mechanism for the exchange coupling is as
traditional FM/AF bilayers withT->Ty, the FM ordering, follows. As the bilayer is field cooled acro$g, the induced
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M py in the PM causes the AF spin structure that gives rise tés an intrinsic property of the FM layer. However, for the
the exchange coupling. In addition to the applied field, theexchange-coupled FM layer, its val(®2 Og is more than
establishment of the AF ordering imposes an effective fieldwo orders of magnitude larger than tt{éit4 Og of a single

on the then PMa-FeNi;¢B,o This effective field assists in  uncoupled FM layer.

aligning the PM moments adjacent to the FM/AF interface to  Finally, the realization of exchange coupling in bilayers
be strongly coupled to the AF spin structure, resulting in thewith To<Ty also has important implications in technologi-
unidirectional exchange coupling. It should be noted that theal application of exchange coupling in spin-valve devices.
entire aFeNi;¢By layer contributes to the measured in- For FM/AF bilayers with optimized performance, one can
ducedMpy, in an external field, whereas only thterfacial  proaden the search to a greater variety of FM and AF mate-
moments in the vicinity of the FM/AF interface are of im- jz|s to realize suitable values bfz andH¢ near room tem-
portance for establishing the exchange coupling. The aforeperature without regard to the condition B> Ty .

mentipned dependence bif on H o0 indicates t_hat the in- In summary, contrary to the common perceptionTef
terfacial moments are aligned more readily than the. ;¢ 5 prerequisite for exchange coupling between a FM
remaining PM moments because of the proximity with theand an AF layers, we have demonstrated exchange coupling

AF ordering, which provides, in addition td ..., a strong . : :
S : : . <Ty.
effective field. These interfacial moments play a crucial roleWhere Te<Ty. The exchange coupling exists not only in

) e . . . T<Te, but also inT-<T<Ty, where the bulk of the FM
in establishing the exchange coupling when the FM is in th%\yerﬁs in the PM stacte. The gharacteriSﬁg andH . vanish

PM state. Once established, the pinned AF spin structurat T\ and Te, respectively. We show that, instead of the

provides an exchange field to theFeNi-gB,q layer in both equirement of a EM laver. even a modest induced maaneti-
the FM state and the PM state until the AF ordering vanishe&eauIre! Yer, ev indu gneti
zation in the PM layer can cause the AF spin structure that

atTy. - . - . .
N gives rise to exchange coupling. The interfacial moments

As mentioned earlieilc acquires much enhanced values adjacent to the AF layer are likely to be responsible for es-
in exchange-coupled bilayefs While most theoretical ef- tatj)lishin the exchanye couplin %n the araF;na netic state
forts have been devoted to addresskhg, some models of 9 9 ping P g '

Hc have recently been advancEdAs shown in Fig. 5, de- We thank Dr. S. F. Zhang and Dr. T. Ambrose for useful
spite the wide range of values bfz as a result of different discussions. This work was supported by NSF MRSEC Pro-
values ofH ., Hc does not depend dd ., at all, hence it gram No. 96-32526.
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