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Exchange Coupling in Ferromagnet/Antiferromagnet Bilayers with ComparableT¢ and Ty
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Exchange coupling has been observed in /AR bilayers with Tc close to, and less tharfy.
The exchange field/; and coercivityH. show an unusual temperature dependence due ta /thg
dependence and the influence of the FM ordering by the AF lay&ratT.. The exchange coupling
energy vanishes afy, whereas the intrinsid{. vanishes atT.. The FM/AF exchange coupling
preserves some degree of ordering in the FM layer ev@h:atT.. [S0031-9007(98)07210-X]

PACS numbers: 75.70.Cn, 75.30.Et, 75.50.Kj

A great deal of attention has recently been focused ofrom Eq. (1) as
the elusive mechanism of FMF exchange coupling and |U(Sp. Sap)|
the technological applications of the resultant exchange Hy = ——02ARR 2)
bias in spin-valve field-sensing devices and magnetic trMF
random access memories [1-8]. When a bilayer of &he temperature dependence Bf is due to those of
ferromagnet (FM) and an antiferromagnet (AF) is cooledM and |U(Sg,Sar)|, and the latter depends on the
in a magnetic field through the Néel temperatiie of  order parameteréSg) and(Sar) of the FM and the AF
the AF to lower temperatures, an exchange bias is lockelhyers. In the simplest model with interactions among
in. The hysteresis loop of the FM, instead of centering athe interfacial moments onlylU(Sk,Sar)| reduces to
zero magnetic fieldH) as is usually the case, is shifted n|JSk - Sar|, wheren is the number of interactions per
from H = 0 by an amount known as the exchange fieldunit area with strength/. Assuming a collinear spin
Hg and accompanied by an enhanced coercikity structure, one obtains the well-known but oversimplistic

To date, although exchange coupling has been observddrm of Hr = n|J|SgSar/trMr [1,2], which generally
in a number of FMAF systems (e.g., NiF&eMn, does not predict the right order of magnitude for the
NiFe/CoO, Fé¢FeFR, etc.), the Curie temperaturé:  observed values dfi; [9-13].
of the FM has always been much higher th@n of In addition to Hg, it has also been well established
the AF. This is due in part to the conjecture thatexperimentally that the coercivity/. of an FM layer,
during field cooling acrosgy, the FM layer should be exchange coupled to an AF layer, is much larger than
ferromagnetically ordered, while the AF order and thethat for an uncoupled FM layer [1-8]. Thus far, most
exchange coupling are being established. Consequentlgf the theoretical efforts have been devoted to addressing
our understanding of exchange coupling has been limitednly Az [9,12,13]; the enhanced coercivity has been an
only to the case of'¢ > Ty in which exchange bias has unresolved theoretical issue. Recently, however, Zhang
been realized in the temperature range7ok T,y and et al. have proposed a theoretical model, which is based
that bothHg and H, terminate atTy. In this work, key on the random field at the FR\F interface [12], to
issues and new features of exchange coupling have beagcount for the enhanced. in exchange-coupled FKAF
addressed by studying FMF bilayers, where th@¢ of  bilayers [14]. The theory predicts that at low temperatures

the FM isclose to and less thatie T of the AF. H. varies as
For an FM layer of thicknesg- and magnetizatioMg, _ 3/2 )
exchange coupled to an AF layer, the relevant free energy H(T) = (a/tr™ = BT/ty)/Mr, (3)
per unit area can be generally expressed as where the factors: and 3 involve the exchange coupling
Fp = U(Sk,Sar) — trMg - H, (1)  strengths among the magnetic moments in the layers and

where the first term is the all important coupling term, &t the interface. The theory predicts that the valué/of

which includes the interactions among the spigsand ~ at low temperatures depends gnwith a 1/63* depen-
Sar of the FM and AF moments, respectively, and thedence, which has recently been experimentally observed
second term is the Zeeman energy of the FM layer if14]. At elevated temperatures, according to Eq. (3),

an external fieldH. Intense interest has been directed@cquires a lineaf” dependence, also in agreement with
at the form ofU(Sr, Sar), the spin structures of the FM the experimental data [3—8].

and the AF layers, and the microscopic mechanisms with Since the situation of'c > Ty has hitherto been the
which the exchange coupling is established [1,2,9—13]case for exchange-coupled FMF bilayers, whereM

The exchange field/; is the magnetic field at which the and (Sg) of the FM layer are essentially constant at
direction of the magnetization of the FM is reversed. Forl' < Ty, only thel/tr dependence oflz and '[hel/tfp/2

a unidirectionall/, the exchange fiel#z can be obtained dependence ofi. can be experimentally established. In
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this work, by designing FMAF bilayers with Tc of  of Fig. 1. Bilayers of 900 A ofa-(Fe)Nigo)s0B2o and
the FM close to thely of the AF, we have observed 300 A of CoO have been measured in a vibrating sample
the strongl/My dependence predicted for the exchangemagnetometer. A thicker FM layer has been used here
field Hr and the coercivityd.. Furthermore, we have because of the low Fe content in(FayNigg)soBag, in
determined the temperature dependence of the interactiavhich the magnetization is primarily due to the Fe mo-
energy|U(Sg,Sar)| in which both(Sg) and(Sar) vary  ments [14-16]. The magnetization value at 80 K for
with temperature. We also show that exchange biag-(Fea,Nigo)s0Bao is about 4 times and 7 times smaller
not only can be established in bilayers willa < Ty, than those of permalloy (NiFe) and Fe, respectively.
exchange coupling exists also Bt> T¢. These results After field cooling with a 10 kOe field fronT > Ty
provide new insight into the elusive exchange coupling ito 80 K, the a-(Fey(Nigg)30B2o/CoO bilayers display
FM/AF bilayers. shifted hysteresis loops at various temperatures as shown
To experimentally explore these issues, the values ah Fig. 2. These are telltale signs of exchange bias, de-
the magnetic ordering temperature®-(and 7) of the  spite the fact thal' - = 240 K is considerabljiower than
constituent layers must be tailored to be close to eaclry = 290 K, demonstrating thaf'c > Ty is not a pre-
other. For this purpose, we have used a well-known crysrequisite for establishing exchange coupling. Evidently,
talline AF CoO(Tx = 290 K) but resorted to amorphous the induced magnetization in the FM layer at 290 K by
FMs in which the composition of the alloys can be var-the cooling field is sufficient for establishing exchange
ied as facilitated by the noncrystalline structure [15]. Itcoupling. It is further noted by the hysteresis loops at
has been well established that the valueTefof amor- 255 and 270 K that exchange bias and ferromagnetic or-
phous(Fe;Ni; - )s0B2o, among many other amorphous al- dering of the FM layer persist to temperatusdsovethe
loy systems, can be tailored to any value between 40 angi- of the FM layer.
700 K by controlling the relative composition of Fe and Before discussing the unusual temperature dependence
Ni [15—-17]. In particular, we have chosen the composi-of Hx and H., it is useful to mention the behavior of
tion of a-(Fey1Nigpg)g0B2o With a T¢ close to and below Hy andH. in other FM/AF bilayers withT¢c > Ty. In
Ty of CoO in order to reveal certain characteristics of theNiFe/CoO bilayers having the same AF layer, the value of
exchange coupling. Single layers of(Fe);Niog)soB2o  Hr shows a plateau at low temperatures, decreases more
and bilayers ofa-(FeyNig9)s0B20/C0O have been fab- rapidly asTy is approached, and vanishes %t [5,8].
ricated at room temperature by magnetron sputteringhe value ofH,. decreases quasilinearly with increasing
at 5mTorr Ar in a chamber with a base pressure oftemperature and acquires the value of the uncoupled NiFe
8 X 1073 Torr. The single-layer FMi-(Fey Nig.9)30B20 layer atT = Ty. These well-known behaviors are shown
films exhibit Tc = 240 K, which is about 50 K below in Fig. 3(a). Very different results have been observed
the Ty = 290 K of CoO, as shown in Fig. 1. These
samples are magnetically soft with square hysteresis loop= oo™ . — . ; . .

. : . .20 =+ 4
and small coercivityfH. < 2 Oe¢) as shown in the inset T=80K ( T=140K /r’“"""
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FIG. 1. Temperature dependence of the magnetizatiéh at E00 100 toey (T 200 B00 100 ey ' 2

200 Oe of a single layer amorphouBe, ;Nij9)s0B2o film. The
inset shows the hysteresis loop of(Fe)Nigo)soBoo film at FIG. 2. Hysteresis loop aof-(Fe&);Nigg)sB2o/CoO bilayer at
100 K. various temperatures from 80 to 270 K.
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T With the values of the exchange fieli:(T'), the mag-
netizationMg(T), and the thicknesgr of the FM layer
determined, we can address the temperature dependence
of the exchange coupling enerd¥/(Sg,Sar)|, which,
according to Eq. (2), ispMp(T)Hg(T). As shown in
Fig. 4(a), |U(Sg,Sar)| decreases monotonically with

for the entire temperature range and vanishes figade-
spite a sharp peak feature M. It should be noted that
80.0| (b) 1 in all previously studied FMAF bilayers withT¢c > Ty,
|U(SE, Sar)| exhibits essentially the same temperature de-
pendence as that diy becauseM = constant. Since
4001 . (Sg) is nearly constant in these cases, the temperature
dependence ofU(Sg,Sar)| reflects only the variation

of (Sag) with temperature. In contrast, in the present

H(Oe)

00— t ; : FM/AF bilayers,H; and|U(Sk, Sar)| have very different
sool ©) temperature dependences, as shown in Figs. 3(b) and 4(a),
L because botiSAr) and(Sg) vary strongly with tempera-
'g s00L ture. It may also be noted, while bottV(Sg,Sar)| and
;:6 I Mp(T) decrease monotonically with temperatuséy (T)
20.0} decreases faster than that|0f(Sg, Sar)|. Consequently,
3 Hp rises sharply with temperature neBg, as described
0.0

250 300 by Eq. (2).

Because the apparent temperature dependendé, of
FIG. 3. Temperature dependence of (a) exchange fegldnd IS domlnated by the_l/MF depende_ncg, '_t is useful to
coercivity H, of NiFe/CoO bilayers, (b) exchange field, and investigatef/. My, which reveals the intrinsic temperature
(c) coercivity ofa-(FeyNige)s0B2o/C0O. dependence ofi.. As shown in Fig. 4(b), the intrinsic

temperature dependence®f is linear, in accordance to

for a-(Fey. 1 Nig.9)30B20/C0o0O bilayer as shown in Figs. 3(b) Eq. (3), whereas the apparent temperature dependence of
and 3(c). Atlow temperaturdd = 160 K), the values of H,, as shown in Fig. 3(b), is strongly influenced by the
Hpg are roughly unchanged. However,7at> 160 K, the  diminishingMy. It is particularly noteworthy, as shown
value of Hg begins to increase and sharply so near 250 Kin Fig. 4(b), that the intrinsic coercivity extrapolates to
At T > 260 K, Hg decreases precipitously and vanishes
at about 280 K. In the case df., its values decrease
steadily at low temperatures but rise sharply at 240 K,

00 150 _ 200
T (K)

50 T T T T

displaying a maximum at about 275 K, before decreasing ‘E a0 | (@ 4

to the single-layer value at 290 K. BoHi; andH,. show 3

a sharp peak feature at, respectively, 260 and 275 K, at g 30 | -

which their values are about 4 times higher than those at =

low temperatures. ;'E 20 1
The rapid rise ofHg andH,. at T < T¢ is due to the T

1/Mr dependence offz and H. as shown in Eq. (2) 2 or 1

and Eq. (3), respectively, dd(T) of a-(Fey1Nigo)s0B2o
decreases with temperature as shown in Fig. 1. At
T > T¢, within the temperature range dfe < T < S ®) ]
Tw, the values ofHg and H. must eventually decrease
precipitously because of the diminishing AF order, in
addition to the disappearing magnetization of the FM
layer. Thus, both thé /My dependence offy and H,,
and the diminishing magnetic ordering, give rise to a
pronounced peak il and H. at 260 and 275 K. The 1k i
actual locations of the peaks at 260 and 275 K are the . . .
consequences of the competing influences and are thus °50 100 50 200 250 300

not significant. These unusual temperature dependences T(K)

for Hy andH, could not be observed in previous FMF FIG. 4. Temperature dependence of (a) exchange coupling

bilayers withT¢c > Ty, becauseéMr(T) of the FM layer  energy |U(Sg, Sar)l and (b) product of coercivityd, and
hal‘d|y varies. magnetizatiorMF of a-(FQ),l Ni()‘g)goBz()/COO.

M. H, (kergicm®)

2797



VOLUME 81, NUMBER 13 PHYSICAL REVIEW LETTERS 28 BPTEMBER1998

240 K, the T of the FM layer, whereas the coupling bilayers, we have demonstrated exchange coupling in

energy |U(Sk,Sar)| extrapolates toTy as shown in bilayers in whichT¢ < Ty.

Fig. 4(a). We thank S.-F. Zhang for useful discussions. This
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Mp = 0and(Sg) = 0atT > T, then|U(Sg, Sap)l, Hg,

and H,. would all vanish atT¢c. No shifted hysteresis

loops with a finite width would have been observed. In-

stead, finite values dffy andH. [Figs. 3(b) and 3(c)] and

|U(Sg,Sar)| [Fig. 4(a)] have been observed Atabove

T¢, to nearlyTy. Evidently, once the exchange coupling [11 W.H. Meiklejohn and C.P. Bean, Phys. Rel02 1413
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