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Antiferromagnetic thickness dependence of exchange biasing
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A theory for a ferromagnetic/antiferromagnetiEM/AF) exchange coupled bilayer of finite thickness is
presented. Calculations based on this theory describe the reversible and irreversible transitions of the magnetic
moments in this FM/AF system. A description of the exchange bias effect is offered that explains the observed
phenomena of enhanced coercivity and rotational hysteresis. The theory also explains the AF thickness depen-
dence of the exchange field and the coercivity.

Currently, there is a great deal of interest in the physicgional hysteresis loss can be obtained. While Riémind that
and materials involved in the so-called exchange bias effectptation of the magnetization in the AF could lead to irre-
which was discovered in partially oxidized Co particles moreversible behavior, he did not relate this to the exchange bias.
than 40 years agbAs a result of interfacial exchange cou- ~ We shall assume that the FM layer is isotropic in the film
pling, the hysteresis loop of a ferromagriEM) in contact  plane. A theoretical studyhas shown that there is no helical
with an antiferromagn&tAF) is displaced in an applied mag- structure, for example, along the thickness direction in a thin
netic field relative to that of an isolated FM film by an ferromagnetic layer, e.g., B, with thickness up to 500
amount termed the exchange fi¢ld. Despite extensive ex- A, exchange coupled with a ferromagnetic, ferrimagnetic or
perimental studiés’ and numerous theoretical effofts|the  antiferromagnetic film at the interface. Furthermore, Parkin
mechanism of the FM/AF exchange coupling is not well un-€t al!? have observed a uniform magnetization distribution
derstood. This effect is of great practical value since it isthroughout the thickness of a 400 A ey, layer coupled
critical for the operation of recording heads based on gianwith a FegMns, layer. Therefore, we assume the FM mo-
magnetoresistanc€GMR), as well as for magnetic random ments rotate uniformly in the presence of an applied field.
access memoriedIRAM). For a FM/AF bilayer with a single-crystal AF layer and an

From hysteresis loop measurements, an increased coercivncompensated interface, the total energy per area unit of the
ity H, is always observed in an exchange biased FM relativ®ilayer includes the volume energy of the AF layer and the
to a single FM film. Most of the previous models dealing interfacial exchange coupling energy
with the exchange bias effect do not address this coercivity

enhancement. Qiaet al® associated this enhancement with _ tar A d_SD 2+K sirfg|dz—Jg cog o a)|
an interfacial uniaxial anisotropy induced by higher order AF\ 4z AR STT® ELORPT @lz=0,
exchange coupling terms. However, there is no direct evi- 1)

dence to support the existence of such higher order terms. )
The existence of an interfacial spin flop state in the AF layemhere Axr and Kar are exchange coupling constant and
can result in an enhanced uniaxial anisotropy in the FM andiniaxial anisotropy constant of the AF layer with finite thick-
give an enhanced coercivity according to Schulthess anB€SStar. respectively. The FM magnetizatiod ¢ is as-
Butler” However, spin flop does not lead to exchange bias iffumed to make an angtewith the AF easy axis. The direc-
FM/AF bilayers. tion of the AF moments varies spatially withas described
The AF thickness dependence of exchange bias on thy ¢(z). The moments of the FM and AF layers are coupled
thickness of the AF is shown in Fig. 1 for
NigiFeo/PtigMngo. Notice that when the AF thickness de- 50 | o INE o Mo '
creases to a certain value, the exchange fidld drops Sub/Ta/NiFe 25nm/PtioMngo (tar)/Ta
abruptly to zero. At the same time, the coercivily in- 40| .
creases and a large rotational hysteresis loss appears. These v — H,
results have also been observed by otfidrsprinciple, the
coherent rotation model of Meiklejohn and Béasan ac-
count for such a sharp change of exchange field with AF
thickness. However, Parkin and Sperifsiound that a cal-
culation of the torque based on this coherent rotational model
does not give an abrupt decrease with AF thickness. The - L] s H,
rotational hysteresis loss gives a clue that the presence of
moment rotation in the ARRefs. 5 and may play a role. e R B ST ra——Y
In this paper, a simple model for an exchange coupled
FM/AF is presented. Based on this idea, the exchange field
and the coercivity can both be derived from this model, and FIG. 1. AF layer thickness dependence of the exchangeHigld
the AF thickness dependence of the exchange bias and rotand coercivityH,, in the Nig;Fe (250 A)/PtMng, bilayer system.
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FIG. 2. Schematic representation of the helical structure of A
moments with one end exchange-coupled with the FM magnetiza-
tion and the other end free to rotate. The FM magnetization rotate§

away from the AF easy axisby an anglen. The moments of only
one sublattice of the AF layer are shown) a slightly wound-up
helical structure(b) the helical structure before transition, a(@l
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FIG. 3. Minimum energyE.,, and the anglep that the AF

Finterfacial moments make with respect to the AF easy axis in the

case ofJg=50,, andtyr=46,,. The solid lines are for the FM
magnetization rotating from 0° to 360°. The dash lines are from
60° back to 0°.

from the easy axis, and the AF moment structure twists as

the helical structure after transition. The curved arrow shows theshown in Fig. 2a). This helical structure develops further as

twisting direction.

at the interface by an exchange coupling consiantUsing

the AF moments at the interface try to follow the rotating
Mg . Let us assume thak: is larger thano,, in particular,
Je=50,. When the AF moments at the interface reach or

the variational method to minimize the total energy, the AFpass through the AF hard axis we find that the helical struc-
moment structure is given by the differential equation forture becomes unstable when the angleMya reaches a

®(2):

de .
2Aar| G2 | ~Karsin(2¢) =0, 2
with the boundary conditions
de J dso)
(E) Z:O—TAF Sln((,D—a’) and (E =0. (3)

Z=tpr

As the AF thickness,r approaches infinity, then the total
energy reduces to that of Mauwet al® In our case, the finite
AF layer has moments at one end coupled willz and

critical valueay,;. The AF structure “springs” forward, set-
tling down in a new stable state which still contains some
twist (see Figs. &) and Zc)). Finally, whenMg has com-
pleted its rotation to the opposite direction, the AF structure
has also rotated by 180°. This irreversible motion of the AF
moments was first obtained by Neéh 1967 and recently
applied by Stiles and McMichaéf. Neel concluded that
when the AF thickness is great thad,2, the irreversible
transition occurs at a critical angle in the range from 90° to
180°. Stiles and McMichael attribute the experimentally ob-
served “rotatable anisotropy” in ferromagnetic resonance
(FMR) measurement8to this irreversible motion of the AF
spin structure. Our calculations show explicitly how the criti-

moments at the other end free to rotate. To perform the nueal transition anglev.,; is dependent odg andt,:. When

merical calculations, we transform Eq®) and (3) into a
discrete form with step size of 186,, where &,

Je is greater tharw,,, such a transition always occurs and
aqi approaches 180° with increasidg andtag .

= JAAr/Kar. Our results are independent of step size in this  To clarify the behavior oM, we have computed the
regime. Figure 2 describes the moment configuration in theotal energy as a function of the angleof Mg from Eq. (1)
AF layer along the thickness direction with the FM defining using the¢(z) from Egs.(2) and (3). Figure 3 shows the
an anglea at the interface. In the following, we will present a-dependent,,, as well as the angle(z=0) of the inter-
our numerical results for the AF thickness normalized by thefacial AF moments which are coupled kbg in the caselg

characteristic domain wall length,, and Jg normalized by
the domain wall energy parametey,= 2AxKag- It turns

=50, andtyz=446,,. As Mg rotates from 0° to 180°, an
irreversible transition occurs at=153°. At this point, the

out that this system shows different behavior dependingotal energy drops abruptly as a result of the “unwinding” of

upon whethedg is larger or smaller thaw,, .

the AF moment structure. The AF moments totally recover

Let us consider the response of the FM layer in the preswhen «=180°. For that part of the cycle wheM rotates

ence of a reverse applied field. Assume thlgt, ferromag-

from 180° to 360°, a new AF helical structure develops just

netically coupled with the AF moments at the interface, liesas it did from 0° to 180°. There is an energy loss associated

along the AF easy axis. In coherent rotatidp rotates away

with this magnetization process and the energy difference at
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FIG. 5. AF thickness dependence of the exchange field, coerciv-
FIG. 4. Minimum energyE,,;, and the anglep that the AF ity, and hysteresis energy loss in the case@pdg=0.90,, and(b)
interfacial moments make with respect to the AF easy axis in thele=50,,. Note that the exchange field and coercivity are normal-
caseJg=0.90,,. The minimum energ¥,, is the sum of the vol-  ized byo,,/M¢tg, and the rotational hysteresis energy loss per unit
ume energy of the AF layeE, and the interfacial exchange cou- area g, is normalized byo,,. Thickness-dependent exchange
pling energyE;,;.. The AF thickness is &, . fields and coercivities are shown by solid and dash lines, respec-
tively. Curves(1) and(2) for coercivity are obtained from Eq5)
the critical angle accounts for this loss. This result is similarand (4), respectively.
to that given by Koon, but by calculating the magnetizing
process, we can see that there is no exchange bias in tie show in this figure. As the AF thickness gets very large,
system, and the coercivity is due to the irreversible processhe value ofH, approaches 0.67,/Mgtr, which is equal to
WhenJg is less tharw,,, the results are different. Figure our calculation result for a bilayer with infinite AF
4 shows the resulting numerical calculation for the case ofhickness=> H, shown in Fig. 5 with a minus sign means that
Jge=0.90,,. Whent,g is equal to 4, no irreversible tran-  the hysteresis loop of the FM magnetization shifts toward
sition occurs in the system and there is only a single stabl@egative fields.
state as the FM magnetization rotates.Ms rotates from 0° When the system enters the irreversible regime, 1.,
to 180°, the AF moments at the FM/AF interface follow this <t;, the irreversible transition occurring in the magnetiza-
rotation as a result of the interfacial exchange couplingtion process results in an unshifted hysteresis loop which has
When M rotates beyond a certain angle which is greatera coercivity with a magnitude also given by Hd) since the
than 90°, e.g., 168° in the case §f=0.90,,, further wind- irreversible jump in the AF always occurs far>90°. In this
ing of the structure generates a wall energy that can not beegime there is no exchange biasing, i.e., the exchange field
sustained by the interfacial coupling. As a result, the AFH, is equal to zero. In addition to the irreversible transition,
moments at interface rotate back and the AF moments retunmere is another mechanism contributing to the coercivity. To
to their original positions whea=180°. forceM away from the stable state af=0°, requires a field
For a bilayer system withle<o,,, there is a critical H, with a magnitude that is equal to or greater than the value
thicknesst,;, below which an irreversible transition of the of the second derivative &,,/M te with respect tax. This
AF moments occurs. This thickness characterizes the Akoercivity is given by
thickness dependence of the exchange fitld the coerciv-
ity H, and the hysteresis energy loss per unit asga.. 1 42E
When the AF thickness is larger than this critical value, the H.= (_) (%)
motion of Mg is reversible and a nonzero value Hf is ¢ \Mgtg/| da
found.H, is obtained as the magnitude of an applied field

©)

a=0

He:Ha|M:0:

at whichM becomes perpendicular to the easy axis, correThe values derived from Eqé4) and Eq.(5) for the coer-
fore, H, is given as ercivity for the nonbiased hysteresis loop. The shape of the
hysteresis loop also changes with the AF thickness. A critical

1 dEmin

Mete/\ da || _ tioned before, irreversible motion of the AF moments always
occurs when the interfacial exchange couplihgis larger

shown in Fig. 5. For our example case=0.9,,, in the Hysteresis energy loss is expected when the AF thickness

reversible regime, i.etar<<tqi, He increases slightly with te is smaller thart.,; where the irreversible motion occurs.

sponding toM =0 in a hysteresis loop measurement. There;jyity are shown in Fig. 5. The larger value will be the co-
, 4) thickness of 2.28,, is found for Jg.=0.90,,. As we men-

wheretg is the FM layer thickness. The results fd, are  thano,,. So, there is no critical thickness whédp=>5a0,,.

increasing AF thickness although this small effect is difficult The difference of the minimum enerds,;, at the transition
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accounts for the hysteresis loss. However, no energy los®ughness, and most of the AF films are polycrystalline. As a
occurs iftag is too small. For an AF layer with a thickness result, the interfacial exchange couplidg will be modified
thin enough, the irreversible transition occursagt=90°. by the interface morphology, and will generally vary across
This results in a single energy state for the FM magnetizatiofthe interface as we have found in NiFe/CrMpRx=3, 6,
and a zero hysteresis energy loss. The AF thickigssat  and 9 bilayers prepared by substrate bias sputtetfrighat
which the rotational hysteresis loss disappears, is aboy§ in some regiongg will exceedo,, and in others it will be
0.85,, and 1.4, for Je=0.90,, and %, respectively.dci  |ess thane,,. Therefore, the observed dependenceHqf
increases with increasing interfacial exchan_ge coupliag H., ande s, Will be a composite of the two general behav-
For the case thalg is larger thanoy,, the thicker the AR j5r¢ shown in Fig. 5, which agrees with the observed behav-

layer, the closer the critical angle for the irreversible transi- . i, Fig. 1. Note that the exchange bias never exceeds the
tion is to 180°. A nearly 180° AF domain wall develops and wall energyo
w-

the hysteresis energy loss per unit area approaches 8
whentr goes to infinity. This is also shown in Fig. 5. This work was supported by the National Science Foun-
In reality, the interface is complicated by defects anddation under Grant No. ECD-8907068.
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