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Memory effects of exchange coupling in ferromagnet/antiferromagnet bilayers
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The magnetization state of the ferromagnet is crucial in the cooling process for establishing exchange
coupling in ferromagnet/antiferromagnet bilayers. Using special cooling procedures, the value and even the
sign of the exchange bias field in several bilayers can be greatly altered. While the coercivity only depends on
temperature, the exchange bias field shows an accumulative memory of the thermal and field history of the
bilayer. We propose that this is due to the formation of a domain wall with a temperature dependent width in
the antiferromagnefS0163-182@9)02130-X

A great deal of experimental and theoretical attention hasace, and a domain wall that forms in the AF material involv-
been focused on the intriguing physics of the exchange coluing several layers of AF moments® The domain wall
pling between a ferromagn€¢EM) and an antiferromagnet forms when the magnetization of the FM is reversed,
(AF), and the central role of exchange bias in spin-valvewhether the coupling at the interface is ferromagnetlc (
devices. To establish the exchange coupling experimentally> 0), antiferromagnetic J<0),! or of a spin-flop typé*!
it is a common practice to cool the FM/AF bilayer in a dc The observed memory effect is a manifestation of the AF
magnetic field froml'>Ty to lower temperatures, whefig, domain wall manipulated by magnetic field and temperature.
is the Nel temperature of the AEIn the cooling process, The features presented in this work have been
the AF order is established while the FM layer is in theobserved in FM/AF bilayers of Py/CoO, Py/FeMn,
single-domain state. The resultant exchange coupling causesFeNiB/CoO, and Py111)CoO, where PyNigFeq,
the hysteresis loop of the FM layer to shift by the amount ofa- FeNiB=amorphous FNi;¢B,g, and(111)Co0O is a single
the exchange bias fieldHE), accompanied by a larger coer- crystal film epitaxially grown on #0001 sapphire substrate.
civity (H.) than that of the uncoupled FM layer. After this The constituent layers have the ordering temperatures of
common cooling process, the values of bbth andH, de-  T.(Py)=850K, T(a-FeNiB)=150K, Ty(CoO)=290K,
crease with increasing temperattire until the so-called and Ty(FeMn)=458K. In the Py/CoO and the Py/FeMn
blocking temperatureTg) at which Hg vanishes andH.  bilayers we have the well-known case B> Ty, whereas
retains its uncoupled FM value. For some Aé¢:g., CoQ, in a-FeNiB/CoO we have the unusual situationlef<Ty .13
the values offz and Ty are essentially the same, whereas inThese bilayer samples were made in a magnetron sputtering
others(e.g., NiO Tg can be noticeably lower thahy .2 system with a base pressure ok80 8 Torr. The FM layer

It has often been taken that once cooling acrbgshas was deposited in a magnetic field to induce an easy axis.
been accomplished, a unique exchange coupling has bed&magnetic hysteresis measurements were made in a vibrating
established. We show in this work that both the value and theample magnetometer. The uncoupled FM layer displays a
sign of Hg depend on the cooling process, in which the statesquare loop with a coercivity of a few Q€ig. 1(a)].
of the FM layer is of key importance. More importantly, we It is essential to specify the conditions, particularly the
show that the resultant exchange coupling retains an accwstate of the FM layer, during the cooling process in estab-
mulative memory effect of thentire cooling procedure. Not lishing the exchange coupling. Only the usual field-cooling
only the value and sign dflz can be tailored, but the so- (FC) procedure with a sufficiently large dc magnetic field
called blocking temperatur€g can also be manipulated to assures a saturation magnetizatithg] of the FM layer, and
have virtually any value less thdr,. On the other hand, the subsequently the usual exchange bias. In addition to the
value of H. is uniquely defined at each temperature, inde-usual FC procedure, we have used two new cooling proce-
pendent of the cooling history and the resultant valuedof dures to achieve a different magnetizatiadl )( of the FM
and Tgz. The unidirectional anisotropy, which gives rise to layer, whereM #Mg. The three cooling procedures arB
Hg, can thus be altered and manipulated, while the uniaxialhe usual FC fromT>T) in a dc field of 200 Oe withV
anisotropy associated witH. remains unchanged. =My, (2) demagnetize the FM layer &t>Ty using an

These results are relevant to the microscopic origin of thescillating magnetic field of decreasing magnitude uktil
exchange coupling. It has been generally accepted that the0 andM =0, and then ZFC, an(8) cool fromT>T, in an
FM/AF coupling is due to the interactions among the FMac magnetic fielddenoted as ACF either of 200 Oe os-
and the AF moments across the FM/AF interface. Most mi<illating at 1/4 Hz(for Py/CoQ or 50 Oe at 1 HZfor Py/
cromagnetic models, with or without interfacial roughnessFeMn), with a time-varyingM averaged to QM )=0). The
and defects, assume certain spin structures for the FM amdluration of the cooling procedure is approximately 10 min-
the AF layers or allow the FM and the AF moments to arriveutes for the Py/FeMn, and 40 minutes for the Py/CoO. The
at a spin structure through their interactién&’ The emerg-  frequency of the oscillating field is therefore much higher
ing picture is that the exchange coupling is the result of arthan the cooling rate.
uncompensated magnetizatideM 5 at the FM/AF inter- The results of the Py/FeMn bilayer at 300 K are shown in
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FIG. 1. Magnetic hysteresis loops of @30 A)/FeMn(300 A)/ FIG. 2. Temperature dependence (@ He and (b) H, for

Cu(300 A) (a) at 400 K, (b) at 300 K after field cooling from 400 K PY(150 A/FeMn(300 A/Cu300 A), after cooling in a 50 Oe os-
in a 200 Oe field(c) at 300 K after demagnetizing at 400 K, and cillating field at 1 Hz from 400 K tol¢ and cooling in a 200 Oe

zero field cooling, andd) at 300 K, after cooling from 400 K in a field from T to 300 K. Also shown are the results after the sample
oscillating field of 50 Oe at 1 Hz. has been cooled in & 200 Oe field from 400 K td'=350K, and

in a —200 Oe field fromT;=350K to 300 K.

Fig. 1 for the three procedures mentioned above. The usual

FC procedure1) from 400 K results in a shifted hysteresis @mple, when the sample was ACFCTio=340K, and then
loop at 300 K, as shown in Fig(H). Under the demagnetiz- FC in a dc field of 200 Oe fronT,=340K to 300 K, the

ing and ZFC procedur€?), there are two loops shifted to exchange bias at 300 K is no longer zero. For increasing
opposite sides as shown in Figcl This is because the FM temperature, the exchange bias field decreases and vanishes
layer has formed a striped domain structure. Due to thé@t 340 K, the same as that d%, and remains zero af
uniaxial anisotropy of the FM, the magnetization in each™Ts. Similar results for other values 8% are shown in Fig.
domain is aligned in either of two equally preferred direc-2. The bilayer exhibits exchange bias o T, but no ex-
tions, resulting intwo different unidirectional anisotropies change bias folf>Ts. These results demonstrate that the
after cooling. Although the sample was ZFC, it is as if two bilayer sample has thenemoryof the temperaturel at
samples were FC with opposite magnetic fields. Under thavhich the dc cooling-field was switched oand that atT
ACFC procedure(3), the resultant loop displayedo ex- >Ts, there was no exchange bias. To erase the memory of
change field Hz=0) and only an enhancedl,, as shown in  the entire cooling procedure, the sample must be heated to
Fig. 1(d). Because the magnetization in the FM layer wasT>Ty. Memory effects similar to those observed in Py/
changing during ACFC, there was no preferred directionFeMn have also been observed in Py/CoO, as shown in Fig.
with which to induce an FM/AF exchange bias. The oscillat-3.

ing field method can completely suppress the exchange bias. To further demonstrate the memory effect, we have stud-
Qualitatively, the same results as those in Fig. 1 have beeied the consequence of reversing the direction of the dc field
observed in the Py/CoO bilayers, except that the measurgluring field-cooling. The Py/CoO sample was FC in a
ments were made at 200 K instead of 300 K, because Co@ 200 Oe field to a temperatuik,, at which the field was
has aT\ of only 290 K These results demonstrate that thereversed to—200 Oe. The sample was then FC frdig to
state of the magnetization of the FM during cooling dictates200 K, i.e., FC in a positive field if>T,, and FC in a

the resulting exchange bias in FeMn/Py and CoO/Py bilaynegative field fromT, to 200 K. Measurements were then
ers. However, in FeffFe bilayers, the magnitude of the made at increasing temperature from 200 KTipand ex-
cooling field has been shown to be of great importance; fotending to 300 K. The results are shown in Fig. 3 for the
cooling fields of different magnitudes, both positive andPy/CoO bilayer. ConsideF,=265K in Fig. 3 for example.
negative exchange bias fields have been obsétved. The value ofHg in the negative FC range (200KT<T,)

To further explore the establishment of the exchange biagjow increases with increasing temperature, before reverting
the Py/FeMn bilayer was first ACFC from 400 K in an os- to decreasing with temperature in the positive FC range (
cillating field to a temperaturé, then FC in a dc field of >T,). For a sufficiently highT, (e.g., 270 K even the sign
200 Oe fromTg to 300 K. The first part of the process was of Hg can be reversed. These results again demonstrate
designed to suppress, and the second part to induce, eglearly that the bilayer has the accumulative memory of a
change coupling. A series of measurements was then made@ssitive FC inT>T,,, followed by a negative FC in 200 K
increasing temperatures from 300 K. The results at various<T<T,. The same memory effects of the reversing cooling
temperatures with differentg are shown in Fig. 2. For ex- field have also been observed in Py/FeMn, shown by
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FIG. 3. Temperature dependence @ He and (b) Hc for  (119)co0470 A) at 80 K, anda-Fe,Ni;¢B,(300 A)/Co0218 A)
PY(180 A)/Co0(470 A), after cooling in a 200 Oe oscillating field 3¢ g0 k. H(max) is the value obtained at these temperatures under
at 1/4 Hz from 300 K tdTs and in a 200 Oe dc field fromig to 200 5 mal field cooling.

K. Also shown are the results after the sample has been cooled in a

+200 Oe field from 300 K td'y, and in a—200 Oe field fromT, at 80 K depends oifig in @ manner qualitatively the same as

to 200 K. those of the traditional Py/FeMn and Py/CoO bilayers.
These results observed in various FM/AF bilayers illus-

the results off ;=350 K in Fig. 2. Furthermore, results simi- trate that the accumulative memory effect is a general phe-

lar to those in Fig. 3 have been observed in(P¥1)CoO, nomenon. Under normal FQ g at whichHg vanishes is the

where (111)CoO is epitaxially grown on a single crystal same ad, for the CoO/Py bilayer. It is noted in Figs. 2 and

(0002 sapphire substrate. 3 that sinceHg can now be made to vanish &, T effec-
We have thus demonstrated that the exchange bias fielibely becomesT, and its value can be manipulated to be
can be locked in or suppressedchatytemperature belowy,  any value belowTy. The single crystal111)CoO layer

and furthermore, the value of exchange field can accuise  shows the same general behavior and memory effect as those
value less than the maximum allowed at that temperature bgf polycrystalline CoO. Thus the accumulative memory ef-
full field-cooling, i.e.,— Hg(max)<Hg=<+Hg(max). The full  fect is intrinsic to FM/AF exchange coupling.

strength of the exchange fieltig(max) requires field- Most remarkably, while the exchange bias field can be
cooling throughout the entire temperature rangel efTy . altered to such a great extent, the coercivty is uniquely
However, using ACFC fronT to Tg, and FC fromTg, the  defined at each temperature regardless of the different ther-
value of Hg at a given temperature can be altered to anymal and field cycles, as shown in Figh2and Fig. 3b). It is
value less tharHg(max). The results oHg/Hg(max) for  important to note thaH is temperature specific for all dif-
Py/FeMn measured at 300 Kaken from Fig. 2, Py/CoO ferent cooling procedures. In addition, the unique coercivity
measured at 200 itaken from Fig. 3, and Py{11)CoO at  decreases to the value of the uncoupled FM @t irrespec-

80 K are shown in Fig. 4 as a function ©f. It is interesting  tive of both the temperature at whidthz vanishes, and the

to note that wheidz measured at a low temperatueeg., 80  cooling procedure. These results indicate that the coercivity
K) equals its maximum valuélg(max), T equalsTy. A is unaffected by the cooling procedure which only shifts the
measurement at a low temperature is thus capable of detdbcation of the loop as signified bz, but not the loop
mining Ty . For example, the results of Py/CoO show thatwidth, which isH.. BecauseHg can be altered greatly by
Ty of CoO is 292 K. However, Py111)CoO shows thaT  different cooling procedures ard, remains intact, the ob-

of (11DCoO0 is slightly lower at 280 K, because of a tetrag- served memory effect is unlikely to be due to lateral inho-
onal distortion due to epitax¥y. This indicates that both the mogeneity, roughness, and other imperfections at the FM/AF
FM and the AF are essential in the establishment of the exinterface as has been suggested.

change bias. A change in either the AF struct(pelycrys- We propose that the key to the observed memory effect is
talline vs single crystalor the FM magnetization during the AF domain wall, which arises from the exchange cou-
cooling modifies the domain wall formation in the AF. pling between the AF and the FM. Experimental observation

Also shown in Fig. 4 are the results for of such an AF domain wall has been proven to be challeng-
a-FeNi;¢Boo/Co0, for whichTo=150K is much less than ing, far more so than the FM domain wall. However, the
Ty, instead of Tc>Ty as in all the other cases. We have existance of the AF domain wall in exchange coupled sys-
recently shown that in a FM/AF bilayer whefe<Ty, ex- tems has been indicated by several micromagnetic
change coupling can still be established, and persists even talculation€~1° The magnetic anisotropy of the AK{r)
T>Tc where there is no FM ordering:'® In the present not only affects the energy of the domain wall
context, as shown in Fig. 4, the valuetof of a-FeNIB/CoO  E~4\AeKar, but also thewidth of the domain wall
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A~7Axe/Kae® With decreasing temperatureK,-  Of He does not depend on the creation and/or alteration of
resulting in an increase iHg . At the same time, an increas- CO(_)I_I'hng procedulr?_. fect also has technoloical
ing K g will result in adecreasingdomain wall thickness. It € accumulative mémory €etiect aiso has technologica

: . . - . : implications. We show that exchange bias can be established
is the decreasing domain wall thickness with decreasing tenby FC fromanytemperaturd < Ty, , below which exchange
perature that results in the memory effect. S

_ S s o coupling would occur for bothTc>Ty and Tc<Ty. A
Consider the example of cooling in a positive field from |argerH at a given operating temperature can be obtained
T>Tyto Tq, and then cooling in a negative field frofg to by using a highefls. Another important consequence of the
lower temperatures. Just beldly,, the width of a domain memory effect is that the established exchange bias in a de-
wall would be large, because of the small value Kof:. vice (e.g., spin-valve GMR heactan be compromised by
Thus, an applied field will affect a large part of the AF, andinadvertent temperature fluctuation in the presence of a mag-
establish a unidirectional anisotropy. Ass decreased from Netic field.
Ty, the wall width becomes smaller. SupposeTgt the In summary, we have shown that the state of the magne-
width of a potential domain wall has been reducedita tization of the FM is the crucial parameter in establlshllnlg
Reversing the field aT, will introduce a domain wall of SXchange coupling. The exchange bias can be modified

X . . . greatly in its value and sign by changing the cooling proce-
such a width, while AF spins farther from the interface re-j e \We show that the resultant exchange coupling depends

main unaltered. During further cooling fro, with the o the entire thermal and field history frofy to the mea-
negative field, these AF spins farther thap away from the  surement temperature, not merely on crossing thel iéen-
interface arenot effected, and retain the memory of the cool- perature. A model including the effects of domain wall for-
ing at T>T,. If one now measuresig at a temperature mation in the AF accounts well for the accumulative memory
below T, the hysteresis loop reveals the spin structure fro-effect. While the exchange bias can be manipulated, the co-
zen in when reversing the field @, . The spin structure due ercivity always maintains a unique value at a given tempera-
to the positive cooling field appears only abavg. In short, ~ Ure:

the accumulative memory effect in exchange coupling is the This work was supported by NSF Grant No. DMR 96-
consequence of ehangingAF domain wall. The magnitude 32526,
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