
PHYSICAL REVIEW B 1 AUGUST 1999-IVOLUME 60, NUMBER 5
Memory effects of exchange coupling in ferromagnet/antiferromagnet bilayers

N. J. Gökemeijer, J. W. Cai, and C. L. Chien
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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 antiferromagnet.@S0163-1829~99!02130-X#
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A great deal of experimental and theoretical attention
been focused on the intriguing physics of the exchange c
pling between a ferromagnet~FM! and an antiferromagne
~AF!, and the central role of exchange bias in spin-va
devices. To establish the exchange coupling experiment
it is a common practice to cool the FM/AF bilayer in a d
magnetic field fromT.TN to lower temperatures, whereTN
is the Néel temperature of the AF.1 In the cooling process
the AF order is established while the FM layer is in t
single-domain state. The resultant exchange coupling ca
the hysteresis loop of the FM layer to shift by the amount
the exchange bias field (HE), accompanied by a larger coe
civity (Hc) than that of the uncoupled FM layer. After th
common cooling process, the values of bothHE andHc de-
crease with increasing temperature1–7 until the so-called
blocking temperature (TB) at which HE vanishes andHc
retains its uncoupled FM value. For some AF~e.g., CoO!,
the values ofTB andTN are essentially the same, whereas
others~e.g., NiO! TB can be noticeably lower thanTN .2

It has often been taken that once cooling acrossTN has
been accomplished, a unique exchange coupling has
established. We show in this work that both the value and
sign ofHE depend on the cooling process, in which the st
of the FM layer is of key importance. More importantly, w
show that the resultant exchange coupling retains an a
mulative memory effect of theentirecooling procedure. Not
only the value and sign ofHE can be tailored, but the so
called blocking temperatureTB can also be manipulated t
have virtually any value less thanTN . On the other hand, the
value of Hc is uniquely defined at each temperature, ind
pendent of the cooling history and the resultant values ofHE
and TB . The unidirectional anisotropy, which gives rise
HE , can thus be altered and manipulated, while the unia
anisotropy associated withHc remains unchanged.

These results are relevant to the microscopic origin of
exchange coupling. It has been generally accepted tha
FM/AF coupling is due to the interactions among the F
and the AF moments across the FM/AF interface. Most
cromagnetic models, with or without interfacial roughne
and defects, assume certain spin structures for the FM
the AF layers or allow the FM and the AF moments to arr
at a spin structure through their interactions.8–12 The emerg-
ing picture is that the exchange coupling is the result of
uncompensated magnetizationDMAF at the FM/AF inter-
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face, and a domain wall that forms in the AF material invo
ing several layers of AF moments.9,10 The domain wall
forms when the magnetization of the FM is reverse
whether the coupling at the interface is ferromagneticJ
.0), antiferromagnetic (J,0),1 or of a spin-flop type.11

The observed memory effect is a manifestation of the
domain wall manipulated by magnetic field and temperatu

The features presented in this work have be
observed in FM/AF bilayers of Py/CoO, Py/FeM
a-FeNiB/CoO, and Py/~111!CoO, where Py5Ni81Fe19,
a-FeNiB5amorphous Fe4Ni76B20, and~111!CoO is a single
crystal film epitaxially grown on a~0001! sapphire substrate
The constituent layers have the ordering temperatures
TC(Py)5850 K, TC(a-FeNiB)5150 K, TN(CoO)5290 K,
and TN(FeMn)5458 K. In the Py/CoO and the Py/FeM
bilayers we have the well-known case ofTC@TN , whereas
in a-FeNiB/CoO we have the unusual situation ofTC!TN .13

These bilayer samples were made in a magnetron sputte
system with a base pressure of 831028 Torr. The FM layer
was deposited in a magnetic field to induce an easy a
Magnetic hysteresis measurements were made in a vibra
sample magnetometer. The uncoupled FM layer display
square loop with a coercivity of a few Oe@Fig. 1~a!#.

It is essential to specify the conditions, particularly t
state of the FM layer, during the cooling process in est
lishing the exchange coupling. Only the usual field-cooli
~FC! procedure with a sufficiently large dc magnetic fie
assures a saturation magnetization (Ms) of the FM layer, and
subsequently the usual exchange bias. In addition to
usual FC procedure, we have used two new cooling pro
dures to achieve a different magnetization (M ) of the FM
layer, whereMÞMs . The three cooling procedures are~1!
the usual FC fromT.TN in a dc field of 200 Oe withM
5Ms , ~2! demagnetize the FM layer atT.TN using an
oscillating magnetic field of decreasing magnitude untilH
50 andM50, and then ZFC, and~3! cool fromT.TN in an
ac magnetic field~denoted as ACFC!, either of 200 Oe os-
cillating at 1/4 Hz~for Py/CoO! or 50 Oe at 1 Hz~for Py/
FeMn!, with a time-varyingM averaged to 0(̂M &50). The
duration of the cooling procedure is approximately 10 m
utes for the Py/FeMn, and 40 minutes for the Py/CoO. T
frequency of the oscillating field is therefore much high
than the cooling rate.

The results of the Py/FeMn bilayer at 300 K are shown
3033 ©1999 The American Physical Society
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Fig. 1 for the three procedures mentioned above. The u
FC procedure~1! from 400 K results in a shifted hysteres
loop at 300 K, as shown in Fig. 1~b!. Under the demagnetiz
ing and ZFC procedure~2!, there are two loops shifted t
opposite sides as shown in Fig. 1~c!. This is because the FM
layer has formed a striped domain structure. Due to
uniaxial anisotropy of the FM, the magnetization in ea
domain is aligned in either of two equally preferred dire
tions, resulting intwo different unidirectional anisotropie
after cooling. Although the sample was ZFC, it is as if tw
samples were FC with opposite magnetic fields. Under
ACFC procedure~3!, the resultant loop displayedno ex-
change field (HE50) and only an enhancedHc , as shown in
Fig. 1~d!. Because the magnetization in the FM layer w
changing during ACFC, there was no preferred direct
with which to induce an FM/AF exchange bias. The oscill
ing field method can completely suppress the exchange b
Qualitatively, the same results as those in Fig. 1 have b
observed in the Py/CoO bilayers, except that the meas
ments were made at 200 K instead of 300 K, because C
has aTN of only 290 K.14 These results demonstrate that t
state of the magnetization of the FM during cooling dicta
the resulting exchange bias in FeMn/Py and CoO/Py bil
ers. However, in FeF2/Fe bilayers, the magnitude of th
cooling field has been shown to be of great importance;
cooling fields of different magnitudes, both positive a
negative exchange bias fields have been observed.4

To further explore the establishment of the exchange b
the Py/FeMn bilayer was first ACFC from 400 K in an o
cillating field to a temperatureTs , then FC in a dc field of
200 Oe fromTs to 300 K. The first part of the process wa
designed to suppress, and the second part to induce
change coupling. A series of measurements was then ma
increasing temperatures from 300 K. The results at vari
temperatures with differentTs are shown in Fig. 2. For ex

FIG. 1. Magnetic hysteresis loops of Py~150 Å!/FeMn~300 Å!/
Cu~300 Å! ~a! at 400 K,~b! at 300 K after field cooling from 400 K
in a 200 Oe field,~c! at 300 K after demagnetizing at 400 K, an
zero field cooling, and~d! at 300 K, after cooling from 400 K in a
oscillating field of 50 Oe at 1 Hz.
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ample, when the sample was ACFC toTs5340 K, and then
FC in a dc field of 200 Oe fromTs5340 K to 300 K, the
exchange bias at 300 K is no longer zero. For increas
temperature, the exchange bias field decreases and van
at 340 K, the same as that ofTs , and remains zero atT
.Ts . Similar results for other values ofTs are shown in Fig.
2. The bilayer exhibits exchange bias forT,Ts , but no ex-
change bias forT.Ts . These results demonstrate that t
bilayer sample has thememoryof the temperatureTs at
which the dc cooling-field was switched on;and that atT
.Ts , there was no exchange bias. To erase the memor
the entire cooling procedure, the sample must be heate
T.TN . Memory effects similar to those observed in P
FeMn have also been observed in Py/CoO, as shown in
3.

To further demonstrate the memory effect, we have st
ied the consequence of reversing the direction of the dc fi
during field-cooling. The Py/CoO sample was FC in
1200 Oe field to a temperatureTq , at which the field was
reversed to2200 Oe. The sample was then FC fromTq to
200 K, i.e., FC in a positive field inT.Tq , and FC in a
negative field fromTq to 200 K. Measurements were the
made at increasing temperature from 200 K toTq and ex-
tending to 300 K. The results are shown in Fig. 3 for t
Py/CoO bilayer. ConsiderTq5265 K in Fig. 3 for example.
The value ofHE in the negative FC range (200 K,T,Tq)
now increases with increasing temperature, before rever
to decreasing with temperature in the positive FC rangeT
.Tq). For a sufficiently highTq ~e.g., 270 K! even the sign
of HE can be reversed. These results again demons
clearly that the bilayer has the accumulative memory o
positive FC inT.Tq , followed by a negative FC in 200 K
,T,Tq . The same memory effects of the reversing cooli
field have also been observed in Py/FeMn, shown

FIG. 2. Temperature dependence of~a! HE and ~b! Hc for
Py~150 Å!/FeMn~300 Å!/Cu~300 Å!, after cooling in a 50 Oe os-
cillating field at 1 Hz from 400 K toTs and cooling in a 200 Oe
field from Ts to 300 K. Also shown are the results after the sam
has been cooled in a1200 Oe field from 400 K toTq5350 K, and
in a 2200 Oe field fromTq5350 K to 300 K.
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the results ofTq5350 K in Fig. 2. Furthermore, results sim
lar to those in Fig. 3 have been observed in Py/~111!CoO,
where ~111!CoO is epitaxially grown on a single crysta
~0001! sapphire substrate.

We have thus demonstrated that the exchange bias
can be locked in or suppressed atany temperature belowTN ,
and furthermore, the value of exchange field can acquireany
value less than the maximum allowed at that temperature
full field-cooling, i.e.,2HE(max)<HE<1HE(max). The full
strength of the exchange fieldHE(max) requires field-
cooling throughout the entire temperature range ofT<TN .
However, using ACFC fromTN to TS , and FC fromTs , the
value of HE at a given temperature can be altered to a
value less thanHE(max). The results ofHE /HE(max) for
Py/FeMn measured at 300 K~taken from Fig. 2!, Py/CoO
measured at 200 K~taken from Fig. 3!, and Py/~111!CoO at
80 K are shown in Fig. 4 as a function ofTs . It is interesting
to note that whenHE measured at a low temperature~e.g., 80
K! equals its maximum valueHE(max), Ts equalsTN . A
measurement at a low temperature is thus capable of d
mining TN . For example, the results of Py/CoO show th
TN of CoO is 292 K. However, Py/~111!CoO shows thatTN
of ~111!CoO is slightly lower at 280 K, because of a tetra
onal distortion due to epitaxy.15 This indicates that both the
FM and the AF are essential in the establishment of the
change bias. A change in either the AF structure~polycrys-
talline vs single crystal! or the FM magnetization during
cooling modifies the domain wall formation in the AF.

Also shown in Fig. 4 are the results fo
a-Fe4Ni76B20/CoO, for whichTC5150 K is much less than
TN , instead ofTC@TN as in all the other cases. We hav
recently shown that in a FM/AF bilayer whereTC!TN , ex-
change coupling can still be established, and persists eve
T.TC where there is no FM ordering.13,16 In the present
context, as shown in Fig. 4, the value ofHE of a-FeNiB/CoO

FIG. 3. Temperature dependence of~a! HE and ~b! Hc for
Py~180 Å!/CoO~470 Å!, after cooling in a 200 Oe oscillating field
at 1/4 Hz from 300 K toTs and in a 200 Oe dc field fromTs to 200
K. Also shown are the results after the sample has been cooled
1200 Oe field from 300 K toTq , and in a2200 Oe field fromTq

to 200 K.
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at 80 K depends onTs in a manner qualitatively the same a
those of the traditional Py/FeMn and Py/CoO bilayers.

These results observed in various FM/AF bilayers illu
trate that the accumulative memory effect is a general p
nomenon. Under normal FC,TB at whichHE vanishes is the
same asTN for the CoO/Py bilayer. It is noted in Figs. 2 an
3 that sinceHE can now be made to vanish atTs , Ts effec-
tively becomesTB , and its value can be manipulated to b
any value belowTN . The single crystal~111!CoO layer
shows the same general behavior and memory effect as t
of polycrystalline CoO. Thus the accumulative memory
fect is intrinsic to FM/AF exchange coupling.

Most remarkably, while the exchange bias fieldHE can be
altered to such a great extent, the coercivityHc is uniquely
defined at each temperature regardless of the different t
mal and field cycles, as shown in Fig. 2~b! and Fig. 3~b!. It is
important to note thatHc is temperature specific for all dif
ferent cooling procedures. In addition, the unique coerciv
decreases to the value of the uncoupled FM atTN , irrespec-
tive of both the temperature at whichHE vanishes, and the
cooling procedure. These results indicate that the coerci
is unaffected by the cooling procedure which only shifts t
location of the loop as signified byHE , but not the loop
width, which isHc . BecauseHE can be altered greatly by
different cooling procedures andHc remains intact, the ob-
served memory effect is unlikely to be due to lateral inh
mogeneity, roughness, and other imperfections at the FM
interface as has been suggested.5–7

We propose that the key to the observed memory effec
the AF domain wall, which arises from the exchange co
pling between the AF and the FM. Experimental observat
of such an AF domain wall has been proven to be challe
ing, far more so than the FM domain wall. However, t
existance of the AF domain wall in exchange coupled s
tems has been indicated by several micromagn
calculations.8–10 The magnetic anisotropy of the AF (KAF)
not only affects the energy of the domain wall
E'4AAAFKAF, but also thewidth of the domain wall

a

FIG. 4. Dependence of exchange bias fieldHE on Ts at which
field cooling was initiated of Py~150 Å!/FeMn~300 Å! at 300 K,
Py~180 Å!/CoO~470 Å! at 200 K and at 80 K, Py~180 Å!/
~111!CoO~470 Å! at 80 K, anda-Fe4Ni76B20~300 Å!/CoO~218 Å!
at 80 K.HE(max) is the value obtained at these temperatures un
normal field cooling.
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D'pAAAF /KAF.9 With decreasing temperature,KAF

increases,17 hence the energy of the domain wall increas
resulting in an increase inHE . At the same time, an increas
ing KAF will result in adecreasingdomain wall thickness. It
is the decreasing domain wall thickness with decreasing t
perature that results in the memory effect.

Consider the example of cooling in a positive field fro
T.TN to Tq , and then cooling in a negative field fromTq to
lower temperatures. Just belowTN , the width of a domain
wall would be large, because of the small value ofKAF .
Thus, an applied field will affect a large part of the AF, a
establish a unidirectional anisotropy. AsT is decreased from
TN , the wall width becomes smaller. Suppose atTq , the
width of a potential domain wall has been reduced toD0 .
Reversing the field atTq will introduce a domain wall of
such a width, while AF spins farther from the interface r
main unaltered. During further cooling fromTq with the
negative field, these AF spins farther thanD0 away from the
interface arenot effected, and retain the memory of the coo
ing at T.Tq . If one now measuresHE at a temperature
below Tq , the hysteresis loop reveals the spin structure f
zen in when reversing the field atTq . The spin structure due
to the positive cooling field appears only aboveTq . In short,
the accumulative memory effect in exchange coupling is
consequence of achangingAF domain wall. The magnitude
ys
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pl

p

,
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-
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of Hc does not depend on the creation and/or alteration
partial domain walls in the AF, hence it is independent of t
cooling procedure.

The accumulative memory effect also has technolog
implications. We show that exchange bias can be establis
by FC fromany temperatureTs,TN , below which exchange
coupling would occur for bothTC.TN and TC,TN . A
largerHE at a given operating temperature can be obtain
by using a higherTs . Another important consequence of th
memory effect is that the established exchange bias in a
vice ~e.g., spin-valve GMR head! can be compromised by
inadvertent temperature fluctuation in the presence of a m
netic field.

In summary, we have shown that the state of the mag
tization of the FM is the crucial parameter in establishi
exchange coupling. The exchange bias can be modi
greatly in its value and sign by changing the cooling pro
dure. We show that the resultant exchange coupling depe
on the entire thermal and field history fromTN to the mea-
surement temperature, not merely on crossing the Ne´el tem-
perature. A model including the effects of domain wall fo
mation in the AF accounts well for the accumulative memo
effect. While the exchange bias can be manipulated, the
ercivity always maintains a unique value at a given tempe
ture.
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